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Abstract 
Oxygen excess lanthanum nickelate, La2NiO4+δ (LNO), is a candidate cathode material for 
intermediate temperature solid oxide fuel cells (IT-SOFCs). The aim of this work is to 
investigate the properties of LNO in the intermediate temperature regime (500 – 700°C).  
The structure and stability of LNO has been studied by in-situ high resolution synchrotron 
x-ray diffraction and thermal analysis. A bi-phasic orthorhombic room temperature 
structure was identified, which undergoes a transition to a tetragonal phase. The phase 
change occurs over the temperature range 250°C to 450°C and is associated with loss of 
oxygen on heating. LNO undergoes an oxidation reaction, catalysed by platinum, above 
800°C where it begins to form the higher order Ruddlesden-Popper phases, La3Ni2O7-δ and 
La4Ni3O10-δ. 
The oxygen ion transport properties of LNO have been studied by determining the oxygen 
tracer diffusion and surface exchange coefficients (D* and k*, respectively).  LNO 
displays high D* and reasonable k* values and exhibits low activation energies for these 
processes (0.54eV and 0.63eV, respectively). The low activation energy for diffusion is 
associated with a high oxygen interstitial concentration between 350°C – 550°C. 
The compatibility of LNO with IT-SOFC electrolytes was investigated using high 
resolution x-ray synchrotron diffraction techniques. The stability of composites of LNO 
with Ce0.9Gd0.1O2-δ was found to be highly dependent on oxygen partial pressure and 
temperature and no reaction phase was observed in composites exposed to atmospheric 
oxygen. Studying composites in-situ revealed a series of reaction processes that have not 
previously been identified from ex-situ diffraction techniques. 
The performance of LNO as a cathode was studied by AC impedance of symmetrical cells 
with Ce0.9Gd0.1O2-δ and La0.8Sr0.2Ga0.8Mg0.2O3-δ electrolytes. Significant enhancement of 
the cathode performance was achieved by the addition of a thin compact layer of LNO at 
the electrode/electrolyte boundary; an area specific resistance (ASR) of 0.5 Ω.cm2 was 
measured at 800°C in a symmetrical cell with this layered structure. The decrease in ASR 
is believed to be a result of improved contact at the electrolyte/cathode boundary 
enhancing the oxygen ion transfer to the electrolyte, and an increase in the cathode surface 
area for the oxygen reduction reaction to occur. 
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Chapter 1 - Introduction 
The aim of this chapter is to introduce some of the fundamental principles of solid oxide 
fuel cell (SOFC) operation and introduce some of the key terminology. As the work 
undertaken for this thesis is focussed on investigating a novel SOFC cathode material, 
particular attention is paid to the reactions and processes that occur at the cathode in an 
SOFC. An overview of the materials properties required for SOFC components is given, 
which must be considered when determining the suitability of novel materials for use in 
these devices.  
1.1 Background – Current Energy Demands 
The demand for sufficient, reliable and inexpensive sources of energy is increasing as the 
world population increases. Traditional power generation based on non-renewable fossil 
fuels, such as oil and coal is hugely detrimental to the environment as well as being 
economically and politically volatile. Of late, concerns regarding climate change and the 
impact of power generation and usage on the environment have come to the forefront of 
world economic and environmental policy, and the need to find environmentally friendly 
energy sources has grown [1]. These factors have led to increased efforts to find suitable 
alternative energy sources and it is believed that a combination of various technologies is 
the most likely way forward to reduce carbon dioxide emissions and overall fossil fuel 
demand. Numerous detailed reviews exist on the different types of alternative energies 
with discussion of the benefits and drawbacks of each. For a comprehensive discussion on 
alternative energy technologies the following references are recommended, [2-4].  
The focus of this thesis is fuel cell technologies and specifically solid oxide fuel cells. Fuel 
cells are commonly referred to as a bridging technology; it is believed that they provide an 
opportunity to move towards a hydrogen economy, as their fuel flexibility means they can 
be introduced prior to wide scale take up of a hydrogen based economy. They can achieve 
high efficiencies, particularly when combined with internal heat reforming and therefore 
require less fuel and produce less CO2 compared with fossil fuels. 
The 2006 UK Climate Change Programme is the UK’s key strategy for tackling climate 
change.  It sets out the policies and measures which the UK is using to cut its emissions of 
greenhouse gases. In its Energy White Paper the Department of Trade and Industry states 
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in the long term “fuel cells will be playing a greater part in the economy, initially in static 
form in industry or as a means of storing energy, for example to back up intermittent 
renewables, but increasingly in transport” [5]. These drivers have led to increased research 
and development of fuel cells. 
The interest in and commercialisation of fuel cell technology has increased dramatically in 
recent years and is a consequence of increased worldwide energy demand and social 
awareness of environmental issues. There are different types of fuel cell, however in 
general, power is generated by movement of ions from one electrode through the 
electrolyte to the other electrode. For a review of different fuel cell types references [6-8] 
are recommended; the concepts of SOFC device operation are discussed below. 
1.2 Solid Oxide Fuel Cells 
1.2.1 SOFC Operation 
An SOFC is a complex ceramic device consisting of three main components; anode, ion 
conducting electrolyte and cathode. There are generally two operating temperature 
regimes; high (900°C to 1000°C) and intermediate (500°C to 700°C). The fuel cell type of 
interest in this thesis is the intermediate temperature solid oxide fuel cell (IT-SOFC), with 
an oxide-ion conducting ceramic electrolyte and mixed ionic-electronic conducting 
electrodes, where typically hydrogen (H2) or reformed hydrocarbons are used for fuel. A 
schematic of an SOFC is shown in Figure 1.1. 
 
Figure 1.1 : Schematic layout of an SOFC [9] 
The electrolyte is a dense ceramic solid that exhibits high oxygen ion conductivity and low 
electronic conductivity. Either side of the electrolyte is a porous electrode exhibiting 
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mixed ionic-electronic conductivity. Oxygen reduction occurs at the cathode and the ionic 
species pass through the electrolyte to the anode where the fuel is oxidised [10]. The 
chemical energy of the fuel, H2, is converted into electrical power resulting in water being 
produced as waste.  
The electrode reactions are given in Equation 1.1 to Equation 1.3 [11]. 
Cathode reaction: O2(g) + 4e- → 2O2- Equation 1.1 
Anode reaction: 2H2(g) + 2O2- → 2H2O(g) + 4e- Equation 1.2 
Overall reaction: O2(g) + 2H2(g) → 2H2O(g) Equation 1.3 
A key challenge of SOFC technology is lowering the operating temperature to an 
intermediate temperature range of 500 to 700°C. A lower operating temperature is 
desirable because it minimises the constraints on the fuel cell components and increases 
component durability, however the challenge is to achieve lower temperatures whilst 
maintaining cell efficiency and output [6, 7]. 
1.2.2 Cell Efficiency 
In reality the efficiency of SOFC stacks rarely exceeds 50-60%, compared with a 
theoretical efficiency of 83% at 25°C [12]. An important way of achieving increased 
efficiency is by lowering of the cell polarisation losses (η, also termed ‘overpotential’), 
which  should also have the associated benefit of decreasing costs [11]. The cell 
overpotential is the difference between the theoretical and actual cell voltage achieved and 
is due to irreversible losses present in the cell; activation losses/polarisation, fuel crossover 
and internal currents, Ohmic losses and mass transport/concentration losses [6, 11].  
The total polarisation of a cell is the sum of four types of polarisation; namely charge 
transfer (or activation) polarisation (ηa, typically associated with the electrodes), diffusion 
or concentration polarisation (ηm, associated with mass transport), reaction polarisation 
(ηR, similar to concentration polarisation and generally small at high temperatures) and 
resistance or ohmic polarisation (ηΩ, associated with ionic and electronic conduction and 
contact between cell components).  
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These losses can be expressed by Equation 1.4, where the actual voltage output (V) under 
load is 
V = E0 – ηa – ηm – ηR – jR Equation 1.4 
where E0 is the theoretical cell voltage under open circuit (OCV) and jR is equal to the 
ohmic polarisation loses and R represents the total cell resistance [6, 7, 11, 12]. This 
relationship can be represented graphically, as shown in Figure 1.2. 
 
Figure 1.2 : Current-voltage characteristics of fuel cells (modified from [6]) 
Initially there is a sharp drop in voltage and the major contribution to cell losses is the 
activation overpotential, this is followed by a region of linear behaviour associated with 
the ohmic loss and then the voltage begins to decrease faster at higher currents as the cell 
resistance is controlled by mass transport limitations. 
Lashtabeg et al. [11] comment that the two main loss mechanisms being addressed by 
materials science in SOFCs are (i) resistivity of the components and (ii) polarisation 
effects due to poor electrocatalysis of the reactions at the electrode/electrolyte interfaces. 
The power output of a fuel cell is simply a product of the voltage and current, however it is 
difficult to express maximum power when all forms of overpotential are present. If the 
limiting case of ohmic loss is considered, where the cell voltage varies linearly with 
current then power is expressed by Equation 1.5 
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)( 0 tIREIIEPower −==  Equation 1.5 
where the total resistance (Rt) represents the total polarisation loss (which is ohmic in this 
case).  
The resistances associated with each of the SOFC components can be normalised to the 
component area to give an area specific resistance (ASR, in Ω.cm2). Power densities of up 
to 1 W.cm-2 have been achieved in the laboratory, however, practical power outputs are in 
the region of 0.5 W.cm-2 at 80-90% fuel utilisation. Brandon et al. [12] give the following 
example: for a fuel cell operating around 0.7 V, a power output of 0.5 W.cm-2 requires a 
current density of at least 0.7 A.cm-2. If the OCV is 1 V, then the allowed voltage loss (0.3 
V) can be achieved only if the ASR value does not exceed ~0.45 Ω.cm-2 (0.3/0.7). For a 
single cell assembly this implies target ASR values of 0.15 Ω.cm-2 for the individual 
cathode, anode and electrolyte components. Achieving a low ASR is a key requirement for 
an SOFC cathode. 
1.2.3 SOFC Cathodes 
In SOFCs, the cathode is subject to large activation polarisation due to the slow reaction of 
the oxygen on its surface, producing a high overpotential, and a significant amount of 
research has focussed on improving cathode performance to reduce this overpotential. The 
fundamental requirements for SOFC cathodes are discussed below, a detailed review of 
current and future SOFC materials can be found in Chapter 2. 
Electrodes must be porous structures so that mass transport of the reactant and product 
gases is not inhibited. Cathode materials need to be thermodynamically stable in contact 
with the chosen electrolyte, electrocatalytically active and able to form stable triple phase 
boundary (TPB) structures [7]. The TPB is a key criteria and is the area where the gaseous 
reactants, electrolyte and electrocatalytic conductor (i.e. electrode) are in contact. A TPB 
point in an SOFC is shown in Figure 1.3(a). Mixed ionic-electronic conducting (MIEC) 
electrode materials (as opposed to pure electronic materials) are of recent interest as in 
theory the TPB is extended to the entire cathode surface area; the reaction steps at a MIEC 
cathode are illustrated in Figure 1.3(b). 
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(a) (b) 
Figure 1.3 : Schematic representation of (a) triple phase boundaries (TPBs) in electrodes and (b) reaction 
steps at TPBs for mixed ionic-electronic conductors (modified from [13]) 
In general, the following steps occur at the cathode [14]: 
i. Oxygen surface adsorption and dissociation by breaking the covalent bond of 
O2 molecules into O 
ii. Reduction of O species into oxide ions, O2- 
iii. Oxide ion, O2-, transfer within the bulk cathode 
iv. Oxide ion transport across the cathode/electrolyte interface 
The oxygen ions are introduced into the bulk of the MIEC via a surface exchange process, 
which is composed of mass transport and charge transfer processes. The general steps 
involved in the surface exchange of oxygen are outlined below [15], however, there still 
exists much debate about the order that these steps occur in and which of them are rate 
limiting [13]. 
Surface adsorption of oxygen 
on electrode (mass transport) adg
OO 2)(2 →  Equation 1.6 
Dissociation of oxygen at 
electrode (mass transport) adad OO 22 →  Equation 1.7 
Charge transfer at electrode •+→ hOO adad 2
''
 Equation 1.8 
Oxygen incorporation at 
electrode/electrolyte interface 
x
OOad OVO →+
••''
 Equation 1.9 
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Generally current cathode materials are based on oxygen deficient perovskites, ABO3-δ. 
The most common is La1-xSrxMnO3-δ (LSM), which has undergone significant research, 
and displays good performance at higher operating temperatures (~900°C). As the move to 
introduce reduced operating temperatures is identified the need for alternative cathode 
materials is highlighted. These alternative materials include La0.6Sr0.4Co0.2Fe0.8O3-δ 
(LSCF), Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), Sm0.5Sr0.5CoO3 (SSC) and the oxygen excess 
MIEC Ruddlesden-Popper materials based on La2NiO4+δ [11]. 
1.3 SOFC Material Properties 
SOFC electrolytes display high ionic conductivity, which is a mass transport process 
controlled by diffusion. Electrode materials are mixed ionic-electronic conductors, 
whereby they are required to display both high ionic conductivity and electronic 
conductivity (a charge transport process). In this section the role of the mass transport and 
ionic and electronic conductivity in SOFC materials is examined.  
1.3.1 Mass Transport 
SOFC operation is dependent on the movement of oxygen ions through ceramic oxide 
materials, which occurs by diffusion. Diffusion is the movement of atoms (or molecules or 
particles) from an area of high concentration to an area of low concentration. It is 
described by solutions to Fick’s first and second laws, with specific geometric and 
concentration boundary conditions dependent on the experimental arrangement. Fick’s 
first law in one dimension is given by Equation 1.10; 





−=
dx
dCDJ
 
Equation 1.10 
where J is the particle flux (number of particles per unit area per unit time) at a steady 
state, D is the diffusion coefficient and dC/dx is the concentration gradient. The diffusion 
coefficient is a materials property, which is temperature and composition dependent and 
can be used to characterise the rate of diffusive mass transport in a material. 
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Fick’s second law is applicable when steady state conditions cannot be achieved and is 
given by Equation 1.11; 






∂
∂
=
∂
∂
=
∂
∂
2
2
x
CD
x
J
t
C
 
Equation 1.11 
where ∂C/∂t is the change in concentration with time. 
Diffusion can be a reaction rate limiting step and in a diffusion process the mobility of 
atoms is dependent on the crystal structure, the composition and the defect structure of the 
material. Diffusion is a thermally activated process and the relationship with temperature 
(T) can be expressed by Equation 1.12;  
RT
QDD −= exp0
 
Equation 1.12 
where D0 is a constant, Q is the activation energy (also represented as Ea) and R is the gas 
constant.  
It is useful to consider diffusion in solids as occurring via a series of ‘jumps’, resulting in 
movement of atoms and defects through the crystal lattice. This is described by Random 
Walk Theory and leads to an alternative definition of the diffusion coefficient (D), given in 
Equation 1.13, 
21 r
n
D Γ=  Equation 1.13 
where n is the atomic coordination number (typically 6 in cubic systems), Γ is the jump 
frequency and r is the jump distance (typically the interplanar spacing). 
Intrinsic diffusion can occur in solid materials, whereby neighbouring atoms exchange 
positions, however this requires a large distortion of the lattice to accommodate the 
movement and is generally energetically unfavourable. In non-stoichiometric materials, the 
mass transport process is a result of diffusion due to a concentration gradient from the 
presence of point defects and in ceramic oxides these are typically vacancies or 
interstitials. The diffusivity of these defects is generally independent of concentration, 
when they are present in dilute solutions and defects do not interact with one another. The 
reason for this is that in dilute solutions, the probability of defects interacting with one 
another is very low, resulting in defect diffusion occurring with no dependence on its 
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concentration. The defect diffusion coefficients, Dv (vacancy diffusion coefficient) and Di 
(interstitial diffusion coefficient) are related to the self-diffusion coefficient (Dself), which 
characterises the motion of the host lattice ions, by the defect concentration. This 
relationship for the defect diffusion processes is given in Equation 1.14 and Equation 1.15, 
where [V] and [Xi] are the vacancy and interstitial concentrations, respectively.  
Vacancy Diffusion [ ] Vself DD .V=  Equation 1.14 
Interstitial Diffusion [ ] iself DD .Xi=  Equation 1.15 
 
Experimentally it is often more practicable to measure the oxygen tracer diffusion 
coefficient (D*) which is generally close to the value of Dself. A method for obtaining the 
oxygen tracer diffusion coefficient is described in Chapter 3. The diffusion mechanisms 
due to the presence of point defects are discussed below. 
1.1.1.1 Vacancy Diffusion Mechanism 
Vacancy diffusion occurs by a hopping mechanism, whereby an atom ‘jumps’ into a 
vacant lattice position and results in a vacancy on the no longer occupied atom site. Atoms 
move through the crystal by making a series of exchanges with vacancies on the occasions 
when they are adjacent to one another. This is a common mechanism for diffusion, 
particularly for oxygen ion transport in SOFC electrolytes; it is schematically represented 
in Figure 1.4. 
 
Figure 1.4 : Schematic of vacancy diffusion mechanism, indicating the atom ‘jumping’ from a lattice 
position to a vacancy site (indicated by a square) 
In systems where interstitials and not vacancies are the point defect, diffusion occurs via 
an interstitial mechanism, described below. 
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1.1.1.2 Interstitial Diffusion Mechanisms 
There are two mechanisms by which interstitial diffusion can occur; direct and indirect 
(also known as the interstitialcy mechanism). The former is where an atom located on an 
interstitial site ‘jumps’ to a vacant interstitial site and migrates through the lattice by 
continuing this process. This is common with small atoms located on the interstitial lattice, 
such as carbon and hydrogen; the mechanism is outlined in the schematic in Figure 1.5(a), 
where an interstitial atom (dark blue) migrates to a vacant interstitial site. 
The interstitialcy mechanism occurs via a two stage process, which is shown schematically 
in Figure 1.5(b). An interstitial atom (dark blue) migrates to an occupied lattice site (pale 
blue) and the displaced atom migrates to an unoccupied interstitial site to become the 
interstitial atom (dark blue). This process requires the movement of two atoms 
simultaneously and the net effect is the movement of an interstitial atom from one 
interstitial position to another.  
 
(a) (b) 
Figure 1.5 : Interstitial diffusion mechanisms; (a) direct interstitial mechanism and (b) interstitialcy 
mechanism 
The mass transport of ceramic oxide SOFC materials is an important parameter and is 
generally measureable by oxygen tracer diffusion methods. The charge transfer processes 
of these materials are another important parameter that affects the performance of these 
materials and their suitability for use in operational devices; this is discussed in the section 
below. 
1.3.2 Electrical Conductivity 
Electrical conductivity (σ) is a measure of a materials ability to transport charged particles 
under the application of an applied electric field [16]. The electrical conductivity for a 
charged particle y is related to the concentration of mobile charge carriers (cy) defined as 
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the charge flux per unit electric field, the electrical mobility (μy) defined as the velocity per 
unit field of charge, and the particle charge (zye) and is given by Equation 1.16, 
ezc yyyy µσ =  Equation 1.16 
Equation 1.16 shows that the conductivity of a material is dependent on the product of 
mobility and concentration. The mobility of electronic carriers (electrons and holes) are 
often orders of magnitude greater than that of ionic carriers (vacancies and interstitials), 
therefore a relatively higher concentration of ionic carriers is required if ionic conduction 
is to dominate.  
The electrical mobility (μy) is represented by Equation 1.17 
kT
eDz yy
y =µ
 
Equation 1.17 
The Nernst-Einstein relationship, given in Equation 1.18, shows that the diffusion 
coefficient is directly proportional to the atomic mobility (By) via the relationship, 
yy kTBD =  Equation 1.18 
where k is Boltzmann’s constant and T is temperature.  
The electrical conductivity, given in Equation 1.19, is a result of mobile defects and can be 
calculated from these relationships 
.
.
.22
Tk
Dezc yyy
y =σ  Equation 1.19 
In ceramic oxide materials, electrical conductivity can be either electronic, ionic or mixed 
ionic-electronic. Electronic conductivity can be either p-type (holes as carriers) or n-type 
(electrons as carriers), ionic conductivity can be a result of vacancy or interstitial migration 
and mixed ionic-electronic conductors display both types of conductivity.  
As more than one charged particle can contribute to the electrical conductivity, σy is the 
partial conductivity that is attributable to a particular defect and the total conductivity 
(σtotal) is the sum of all these contributions. The fraction of the total conductivity carried by 
each charged species is known as the transport number (ty) and is equal to the proportion 
of the total conductivity that a specific charged species contributes and is given in 
Equation 1.20. 
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total
y
yt σ
σ
=  Equation 1.20 
The sum of all transport numbers in a system is one. 
1.1.1.3 Ionic conductivity 
Ionic conductivity (σi) always includes a thermally activated mobility, while the 
temperature dependence of carrier concentration may be strong or weak, depending on the 
defect type [16]. The ionic conductivity of SOFC materials is generally enhanced by 
doping to increase the defect concentration; typical examples are doping zirconia with 
yttria (YSZ) and doping ceria with gadolinia (CGO). In both cases the doping increases the 
vacancy concentration in the lattice (by substituting Zr4+ with Y3+ or Ce4+ with Gd3+) and 
leads to an enhanced ionic conductivity compared with the parent material. 
1.1.1.4 Electronic Conductivity 
The temperature dependence of electronic conductivity (σe) can be dependent on the 
relationship between temperature and both electron/hole concentration and mobility. In 
metals, conductivity depends only on mobility and decreases with temperature, because the 
free electron concentration does not vary significantly with temperature.  In 
semiconductors and insulators, the electronic conductivity is often dominated by the 
temperature dependence of carrier concentration, which may increase exponentially with 
temperature [16]. 
It is desirable for SOFC electrolytes to be pure ionic conductors with no electronic 
conductivity and for SOFC electrodes to be mixed ionic-electronic conductors. The 
temperature dependence of the electronic conductivity of a ceramic oxide is dependent on 
whether it displays metallic, insulating or semi-conducting behaviour. In SOFC ceramic 
oxide materials, increasing the electronic conductivity is generally achieved by including 
elements with variable oxidation states in the composition, for example, nickel, manganese 
and cerium; however this approach can lead to problems with phase stability. 
1.4 Summary 
In this section the SOFC system has been introduced and a brief discussion of the concepts 
of cell efficiency for an SOFC has been presented. An overview of the cathode processes 
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involving mass transport and charge transfer has been provided and the fundamental 
theory of diffusion and electrical conductivity has been presented.  
In the next chapter a more detailed review of the literature pertaining to current materials 
for SOFC components is given and state-of-the-art materials for electrolytes and electrodes 
are discussed. A potential material for cathodes in IT-SOFCs is lanthanum nickelate 
(La2NiO4+δ, LNO). The emphasis of this thesis is on establishing the suitability of LNO for 
this role by investigating the electrochemical performance and transport properties. 
Therefore, in the next chapter a detailed review of the existing literature relating to LNO is 
undertaken and the current understanding of the mass transport properties, electrical 
conductivity and cathode performance of this material is presented. 
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Chapter 2 - Materials Review 
An SOFC is subject to demanding materials selection criteria, primarily regarding the 
redox stability of the electrolyte and the durability of the electrodes. SOFC performance is 
significantly affected by the ohmic loss of the electrolyte and the resistance caused by 
cathodic polarisation, therefore optimising the electrical properties of electrolytes and 
electrodes is important [7, 11]. The aim of this Materials Review is to provide an overview 
of the most up to date materials for use in SOFC devices. Initially discussion on the most 
common materials is given, followed by a brief discussion of alternative novel materials. A 
more detailed discussion on K2NiF4-type materials is made, focussing on the suitability of 
La2NiO4+δ (LNO) for use in SOFCs based on structural stability and reactivity, mass 
transport properties and electrical transport properties. 
2.1 Current Material Performance 
2.1.1 Electrolyte Materials 
For solid electrolytes, the materials selection is dictated by the operating temperature and 
thermodynamic stability of the material. In addition, the processing route is crucial as 
electrolyte resistance is thickness dependent and this parameter can be reduced through the 
use of processing technologies, such as electrochemical vapour deposition, tape casting 
and spray pyrolysis [6, 7, 11]. It was discussed in Chapter 1 that the electrolyte component 
should not contribute more than 0.15 Ω.cm2 to the cell’s total area specific resistance 
(ASR). Using this value, Steele [7] determines that for a film thickness of 15 μm the 
associated specific ionic conductivity value of the electrolyte should exceed 10-2 S.cm-1. 
Suitable electrolyte materials that achieve this value are yttria stabilised zirconia (YSZ) at 
a temperature of approximately 900°C and ceria-gadolinium oxide Ce0.9Ge0.1O2 (CGO10) 
at approximately 500°C. In addition, doped lanthanum gallate La1-xSrxGa1-yMgyO3-δ 
(LSGM) has shown promising intermediate temperature properties. 
2.1.1.1 Yttria Stabilised Zirconia, YSZ 
Yttria stabilised zirconia has the cubic fluorite structure, shown in Figure 2.1. 
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Figure 2.1 : Face-centred cubic fluorite structure; cations shown in grey and oxygen ions in red 
The substitution of zirconia (Zr4+) for yttria (Y3+) introduces vacancies into the lattice, 
leading to enhanced ionic conductivity by increasing the defect charge carrier 
concentration. The typical level of yttria doping is 8 to 10 mol%; increasing this value 
leads to a decrease in conductivity as a result of the formation of less mobile defect 
associates [17].  
The ionic conductivity of YSZ8 (8 mol% yttria) is 0.14 S.cm-1 at 1000°C and the linear 
thermal expansion coefficient is approximately 10.5 x 10-6 K-1 between room temperature 
and 1000°C [17]. YSZ displays a wide ionic domain with a maximum ionic transport 
number > 0.99. 
Zirconia based electrolytes have previously been shown to react with typical cathode 
materials, forming a zirconate based phase, which leads to long term degradation in cell 
performance. Example cathode materials that react with YSZ include La0.7Sr0.3MO3 (M = 
Cr, Mn, Fe) forming an oxide-ion blocking pyrochlore phase (La2Zr2O7)  and  Sr2ZrO4 
[18] and La0.8Sr0.2CoO3 forming Sr2ZrO4 and La2ZrO4 [19]. However, the addition of a 
ceria based interlayer has been shown to significantly reduce the formation of reaction 
phases and improve the overall cell performance [19-21]. 
2.1.1.2 Ceria Gadolinium Oxide, CGO 
Ceria gadolinium oxide has the cubic fluorite structure, shown in Figure 2.1. The doping of 
ceria with gadolinium introduces vacancies into the system, enhancing ionic conductivity 
by increasing the defect charge carrier concentration, similar to that of YSZ. Typically 
dopant levels of Gd are either 10 mol% (CGO10) or 20 mol% (CGO20). CGO10 displays 
an ionic conductivity of 0.032 S.cm-1 and CGO20 of 0.020 S.cm-1 at 700°C [17, 22], which 
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are greater than that of YSZ at this temperature. However, CGO has been shown to 
undergo a reduction of the ionic transference number (i.e. increasing electronic 
conductivity) in reducing conditions with increasing temperature, which could be 
problematic on the anode side of SOFCs [17]. Therefore CGO electrolytes are only 
considered viable in SOFCs with an operating temperature of ~600°C or below. The 
thermal expansion coefficients are 11.9 x 10-6 and 12.5 x 10-6 K-1 for CGO10 and CGO20, 
respectively [23]. 
Investigation of alternative rare earth dopants has indicated that samarium doped ceria 
(SDC) also shows promising ionic conductivity; 0.025 S.cm-1 at 700°C [24, 25], however 
CGO remains the more widely used intermediate temperature SOFC electrolyte. In 
addition, CGO is commonly used as an interlayer material in SOFCs with an YSZ 
electrolyte because it displays no reactivity with common cathode materials [19-21].  
2.1.1.3 Doped Lanthanum Gallate, LSGM 
Doped lanthanum gallate materials display excellent oxide ion conductivities in the 
intermediate temperature range making them suitable for IT-SOFC electrolytes [26]. The 
SOFC electrolyte material La1-xSrxGa1-yMgyO3-δ has a cubic perovskite structure, shown in 
Figure 2.2. 
 
Figure 2.2 : Face-centred cubic perovskite structure; A cation shown in blue, B cation in orange and oxygen 
in red 
The addition of strontium and magnesium as dopants to lanthanum gallate introduces 
vacancies into the structure leading to increased ionic conductivity and LSGM is 
considered an alternative to CGO as an IT-SOFC electrolyte. The levels of doping can 
vary significantly; the highest conductivity has been reported in La0.8Sr0.2Ga0.8Mg0.2O3-δ 
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(LSGM8282), however the La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM9182) composition also shows 
a high ionic conductivity, with values of 0.14 and 0.12, respectively at 700°C [27]. The 
thermal expansion coefficients of LSGM 8282 and LSGM9182 are 12.4 x 10-6 K-1 and 
11.9 x 10-6 K-1, respectively, over the temperature range 25°C to 1200°C.  
LSGM displays limited electronic conductivity and the oxide ion conductivity decreases in 
low oxygen partial pressure environments [28, 29]. However the electrolytic domain of 
doped LaGaO3 extends to significantly lower oxygen chemical potentials than for CGO 
making it desirable for use in IT-SOFCs. The major drawback of LSGM is associated with 
the ready formation of stable secondary phases during processing and its reactivity with 
electrode materials.    
2.1.2 Anode Materials 
The most common anode material is a cermet (ceramic-metal mixture) of Ni-YSZ. This 
material displays the desirable properties of being porous, has no reactivity with the 
electrolytes (YSZ and CGO), is stable in reducing atmospheres, has a good thermal 
expansion match with common electrolytes and has low intrinsic charge transfer resistance 
[30]. Cermets of Ni with ceria doped with yttria, gadolinia or samaria are also of interest, 
and have shown promising performance, with Ni-CGO outperforming Ni-YSZ in dry 
hydrogen [30]. Alternative anode materials that are undergoing investigation are based on 
perovskite materials, such as strontium titanate, however problems associated with 
stability, reactivity or electrochemical performance indicate that significant further work is 
required if they are to be a serious alternative to the cermets. 
2.1.3 Cathode Materials 
The most common cathode materials for SOFCs are discussed below and compared with 
novel alternative materials.  
2.1.3.1 Doped lanthanum manganate, LSM 
In high temperature SOFCs one of the most intensively investigated and commercially 
viable SOFC cathode materials is the perovskite strontium doped LaMnO3 (LSM). Doping 
on the lanthanum site increases the overall electronic conductivity of the material by 
enhancing hole concentration. Electronic conductivity in LSM is high at high 
temperatures; of the order 200 to 300 S.cm-1 at 900°C and the thermal expansion 
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coefficient is a good match with YSZ. Ionic conductivity in LSM is of the order of 10-7 to 
10-8 S.cm-1 at 800°C in air, which is low and suggests a large triple point boundary length 
is required for optimum performance [31] and limits its use to high temperature SOFCs. At 
high temperatures and Sr doping levels greater than 30 mol%, insulating zirconate phases 
form as a result of the reaction between LSM and YSZ [32]. This reaction can be reduced 
by limiting the strontium content and for this reason the most common cathode 
composition for use with YSZ electrolyte cells is La0.8Sr0.2MnO3-δ.  
2.1.3.2 Doped lanthanum cobaltites, LSCF 
The most common cathode material for use in intermediate temperature devices is doped 
lanthanum cobaltite materials, La1-xSrxCo1-yFeyO3-δ (LSCF), with the perovskite structure 
(Figure 2.2). LSCF is a mixed ionic-electronic conductor (MIEC), with good electronic 
conductivity (230 S.cm-1 at 900°C) and good ionic conductivity (oxygen self diffusion 
coefficient is 2.6 x 10-9 cm2.s-1 at 500°C [33]). The most commonly used composition is 
La0.6Sr0.4Co0.2Fe0.8O3-δ, which has a thermal expansion coefficient that is a good match 
with that of CGO. The major limitation of LSCF cathodes is degradation with time, which 
is due to strontium diffusion out of the cathode leading to reduced performance.  
2.1.3.3 Composite Cathodes 
As the desire to move to lower SOFC operating temperatures increases, the requirement 
for MIEC cathodes becomes more significant. The ionic conductivity of LSM has been 
enhanced by creating a composite with the ionically conducting electrolyte materials, YSZ 
or CGO. These composite cathodes also have the advantages of improving the 
electrode/electrolyte boundary conditions to minimise delamination and offer a near match 
for the thermal expansion coefficients. The improvement in performance observed in high 
temperature SOFCs with a LSM-YSZ composite compared with LSM means that 
composites are now favoured over the single phase material for high temperature SOFCs 
[34-36]. 
LSCF is a MIEC, however, composites of LSCF-CGO have been investigated as the ionic 
conductivity can be enhanced further in the composite and improve performance [33], as 
evidenced by the incorporation of this cathode into the commercial Ceres Power IT-SOFC 
design [37]. 
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The advances made with composite cathodes have also led to the use of functionally 
layered cathodes, where a graded structure exists. These layered cathode structures result 
in reduced thermal expansion mismatch and enhanced conductivity properties and work is 
ongoing on these structured electrodes [10, 38]. 
2.1.3.4 Alternative Cathode Materials 
Promising alternative cathode materials for use in SOFCs are barium based perovskite 
materials and K2NiF4-type Ruddlesden Popper materials, which are briefly discussed 
below. 
The doped barium cobaltite, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) has shown very promising 
cathode performance with low ASR values obtained from electrochemical impedance 
spectroscopy [39]. However, problems with reactivity and phase stability limit its use in 
SOFC devices [40, 41]. 
The cathode materials LSM, LSCF and BSCF have a perovskite structure, however 
layered materials are also of interest as MIEC cathodes [42]. One of the most widely 
investigated alternatives are materials with a K2NiF4-type structure, which are also known 
as Ruddlesden-Popper materials with the general formula An+1BnO3n+1 where n = 1. 
Lanthanum nickelate, La2NiO4+δ (LNO) is typical of these types of materials which are 
oxygen excess and therefore it is believed that ionic conductivity proceeds via an 
interstitial mechanism as opposed to a vacancy mechanism [43]. Alternative rare earth 
K2NiF4 materials have also been investigated, predominantly Nd2NiO4+δ and Pr2NiO4+δ, 
and all show mixed ionic-electronic conductivity [44-52]. In addition, the higher order 
Ruddlesden-Popper materials (with n = 2 and 3) have been proposed as possible cathode 
materials due to their increased electronic conductivity [53-55]. 
2.1.4 Summary 
In the intermediate temperature range both CGO10 and LSGM9182 display conductivity 
values that are two orders of magnitude greater than that of YSZ. For this reason, CGO 
and LSGM are considered the most promising IT-SOFC electrolyte materials.  
The low ionic conductivity of LSM prohibits its use in intermediate temperature SOFCs. 
LSCF is a popular IT-SOFC cathode, and in the intermediate temperature regime, it 
displays high electronic conductivity (σe = 330 S.cm-1 at 600°C). The thermal expansion 
coefficient of LSCF is a poor match to those of the intermediate temperature electrolytes; 
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however this can be overcome by composite cathodes of LSCF and the electrolyte 
material. Oxygen isotopic exchange and secondary ion mass spectrometry (SIMS) 
measurements indicate that the oxygen tracer diffusion coefficient (D*) of LNO is 
approximately an order of magnitude greater than that of LSCF, suggesting that the ionic 
conductivity of LNO may be greater than that of LSCF [56]. The thermal expansion 
coefficient of LNO indicates a good match with CGO and LSGM and combined with the 
enhanced ionic conductivity LNO is believed to be a promising cathode material for IT-
SOFCs.  
The work undertaken for this thesis has focussed on assessing the applicability of LNO as 
an IT-SOFC cathode with CGO and LSGM electrolytes. The research undertaken is 
broadly divided into four areas; the stability of LNO and its compatibility with CGO, the 
mass transport properties of LNO in the IT-SOFC temperature regime, and its electrode 
performance with typical IT-SOFC electrolytes measured by electrochemical impedance 
spectroscopy. A more detailed review of the current literature pertaining to LNO and 
Ruddlesden-Popper materials is discussed in Section 2.2. 
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2.2 Structure, Stability and Reactivity  
2.2.1 Introduction 
The focus of this work is on the first-order Ruddlesden-
Popper material, lanthanum nickelate (La2NiO4+δ, LNO). 
This section begins with a brief introduction to the K2NiF4-
type materials, of which LNO is one of the most widely 
studied and then goes on to discuss the available literature 
pertaining to these materials in more detail. 
Lanthanum nickelate, La2NiO4+δ, is a K2NiF4 structured 
material. The K2NiF4-type structure is shown in Figure 2.3, it 
can be represented by A2BO4+δ and consists of perovskite 
layers of ABO3 separated by rocksalt layers of AO [57]. In 
La2NiO4+δ the smaller nickel atoms are coordinated with 
oxygen octahedra. The stoichiometric compound has a 
network of unoccupied interstitial sites that, upon oxidation 
of the material, allow for the accommodation of excess 
oxygen [58]. La2NiO4+δ, has shown relatively high solubility 
for oxygen excess, with values of δ as high as 0.3 being 
reported [59]. 
Substitution of lanthanum with alternative rare-earth elements on the A-site can be readily 
achieved and SOFC cathode materials based on Nd2NiO4+δ, Pr2NiO4+δ and Sm2NiO4+δ 
have been studied [47-52, 60-64]. In addition the A-site can be doped with an alternative 
rare-earth element, such as Nd2-xLaxNiO4+δ [64], or more commonly with strontium, such 
as La2-xSrxNiO4+δ [56, 65]. In the perovskite cathode materials LSM and LSCF, it is 
believed that strontium doping on the A-site increases the number of oxygen vacancies in 
the structure and leads to improved ionic conductivity. In the oxygen excess K2NiF4-type 
materials, it would therefore be expected that strontium doping on the A-site would reduce 
the oxygen interstitial content; this is observed by Skinner et al. and leads to a reduction in 
the oxygen tracer diffusion coefficient [56]. 
The B-site position of the K2NiF4-type materials can be readily doped with alternative 
transition metal cations; published studies include substitution of nickel on this site with 
Figure 2.3 : K2NiF4 structure, 
A2BO4+δ, blue = A cation, 
orange = B cation, pale pink 
octahedra = oxygen octahedra, 
pink = oxygen interstitial (δ) 
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Mn, Fe, Co, Cu and Zn [61, 66-76]. Computer studies of La2NiO4+δ indicate that the 
oxygen excess is compensated for by nickel holes [77, 78] i.e. the oxygen interstitial 
concentration is accommodated due to the mixed valency of nickel and the presence of 
Ni2+/Ni3+. The aim of B-site doping is therefore to increase the electronic conductivity of 
the K2NiF4-type materials by increasing the concentration of holes.  
The general formula for Ruddlesden-Popper materials is An+1BnO3n+1 where n can be 1, 2 
or 3, where n refers to the number of perovskite units in a formula unit; these analogous 
structures are sometimes referred to as 2-1-4, 3-2-7 and 4-3-10. The increase in the number 
of perovskite units with increasing n leads to a decrease in the overall oxygen 
stoichiometry and La3Ni2O7-δ and La4Ni3O10-δ are both oxygen deficient [53, 54, 79, 80]. 
However, as n increases the proportion of Ni3+ increases to maintain charge neutrality of 
the compound and the electronic conductivity increases compared with the lower order 
phases [53, 54, 79, 80]. This increase in electronic conductivity suggests that the higher 
order phases could show improved SOFC cathode performance. However, issues with 
phase stability and reactivity as well as problems of densification and adherence to 
electrolytes have prevented a full investigation of these materials [53-55, 63, 81]. 
2.2.1.1 Crystallography of LNO 
The ideal K2NiF4 structure is tetragonal, however the addition of oxygen interstitials leads 
to distortion from the ideal structure and is accommodated by tilting of the NiO6 octahedra, 
which leads to an orthorhombic structure [82, 83]. Various structural transitions between 
orthorhombic and tetragonal phases have been reported for La2NiO4+δ, with changes in 
temperature and oxygen stoichiometry leading to conflicting reports of both structures and 
space groups [57-59, 82, 84-87]. Prior to reviewing the available literature pertaining to 
the reported structures of LNO it is beneficial to give an overview of the common 
structures and spacegroups which relate to this material. 
The room temperature structure of oxygen excess LNO is generally reported to be 
orthorhombic with either an Fmmm or Bmab (Cmca) structure [57, 58, 86, 88]. The Bmab 
spacegroup can also be represented as Cmca, which is an analogue of Bmab but with a 
different axis setting. The differences between the Fmmm and Bmab spacegroups are 
based on the centred orientation and degrees of symmetry. The Fmmm structure is face-
centred cubic with three mirror axes, whereas the Bmab space group is centred on the b 
axis face with one mirror plane and glide planes in the a and b directions. Both structures 
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have a unit cell composed of 4 formula units, La8Ni4O16+4δ, and incorporate excess oxygen 
on an unoccupied network of interstitial sites. 
The structure of LNO in the orthorhombic Bmab and tetragonal I4/mmm spacegroups is 
shown in Figure 2.4, oriented with the b axis in the long direction. A slight tilting of the 
nickel octahedra can be seen in the Bmab structure shown in Figure 2.4(a).  
  
(a) (b) 
Figure 2.4 : LNO structures with spacegroups (a) Bmab and (b) I4/mmm; lanthanum atoms are in yellow, the 
NiO6 octahedra are shown in green and oxygen (equatorial position) in red and (apical position) in pink 
On heating LNO undergoes a transition to a tetragonal structure, with spacegroups 
I4/mmm and F4/mmm reported and a low temperature phase transition to P42/ncm below 
room temperature [84, 86, 87].  The orthorhombic Bmab unit cell is related to the 
tetragonal I4/mmm unit cell by (a√2 × a√2 × c) relationship and the translation 
equivalent tetragonal space group is F4/mmm. The orthorhombic Bmab structure results 
from the parent I4/mmm structure by rotating the NiO6 octahedra of the I4/mmm structure 
about the a-axis of the Bmab structure. The I4/mmm and F4/mmm space groups are 
closely related with the I4/mmm structure being body-centred cubic and the F4/mmm face-
centred cubic but both consist of a 4-fold rotation axis with perpendicular mirror plane and 
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2 additional mirror planes. As with the orthorhombic structures, oxygen excess is 
incorporated on a network of unoccupied interstitial sites. The tetragonal unit cells contain 
two formula units, La4Ni2O8+2δ.  
2.2.2 Structural Transitions in La2NiO4+δ 
Observations for stoichiometric lanthanum nickelate (δ=0), indicate that there is a high 
temperature tetragonal (HTT) phase with space group I4/mmm and as the temperature 
decreases to approximately 450K there is a transition to the low temperature orthorhombic 
(LTO) phase (Bmab) in an inert (i.e. non-oxidising) environment, or to the Fmmm phase in 
an oxidising environment [58]. In addition, there have been reports of a low temperature 
transition from the LTO phase to a low temperature tetragonal (LTT) phase with space 
group P42/ncm at approximately 80K [82, 87, 89] 
Rodriguez-Carvajal et al. [84] found, from x-ray powder diffraction, that at room 
temperature La2NiO4.0 is orthorhombic and a transition from the HTT phase (assumed to 
be I4/mmm) to orthorhombic symmetry occurs at approximately 700K. In addition, 
neutron powder diffraction analysis finds that all data for the stoichiometric compound on 
heating from 3K to 275K can be refined in the orthorhombic Bmab space group [84]. 
Neutron diffraction studies of single crystal La2NiO4.0 at room temperature [82] indicate 
that the structure is an orthorhombic Bmab unit cell and single crystals with δ=0.14 at 
295K are the tetragonal F4/mmm space group. 
From neutron powder diffraction studies of La2NiO4+δ where 0.0 < δ < 0.18, based on 
Rietveld refinement, Jorgensen et al. [58] found for 0.0 < δ < 0.02 the structure is 
orthorhombic with space group Bmab and for 0.13 < δ < 0.18 the space group is Fmmm. 
Through in-situ high resolution neutron powder diffraction in a vacuum environment, 
Skinner [86] finds that at room temperature La2NiO4.18 is orthorhombic with space group 
Fmmm in agreement with earlier work, however at temperatures greater than 150°C there 
is a structural transformation to the tetragonal phase with space group I4/mmm and a δ 
value of 0.13 is determined by Rietveld refinement. Skinner [86] observes that there are no 
further structural transformations up to 800°C. 
Aguadero et al. [59] undertook in-situ neutron diffraction measurements in air on 
La2NiO4+δ (δ=0.3) and found there to be a structural transition at approximately 150°C 
from the orthorhombic Fmmm phase to the tetragonal F4/mmm up to 700°C. It was found 
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that the reversibility of this transition was very dependent on the oxygen content and local 
atmosphere [86]. In previous neutron diffraction studies of LNO [90], the same authors 
comment that an improved fit to the neutron data was obtained with the Bmab spacegroup 
at room temperature, and there was a significant similarity between the Bmab and Fmmm 
spacegroups. However the increased symmetry of the Fmmm spacegroup led the authors to 
assume this structure was more appropriate. 
As a final note, it is worth mentioning that previous authors have identified evidence for a 
superstructure in oxygen excess La2NiO4+δ using transmission electron microscopy [91, 
92]. Given the variable oxygen stoichiometries in LNO this is not surprising, however no 
evidence for a room temperature superstructure has been identified by diffraction 
techniques. 
The significant amount of research undertaken to investigate the structure of lanthanum 
nickelate is briefly summarised above, however it should be noted that some discrepancy 
and uncertainty still remains with regard to the structural transitions. It has been suggested 
that part of this uncertainty may be due to the rapid nature of oxygen uptake that the 
compound undergoes in an oxidising environment (such as air) [82, 84] and it has been 
suggested that La2NiO4.0 can readily uptake oxygen in air at room temperature [82]. It may 
be that some of the discrepancy is related to assumptions regarding the oxygen excess 
content and variations in this with changes in environment and temperature and therefore, 
any in-situ changes in oxygen stoichiometry may go unrecorded but could affect the 
observed structures. 
2.2.3 Interstitial Oxygen Defect in La2NiO4+δ 
Oxygen stoichiometries up to δ = 0.3 have been reported for LNO [59] and numerous 
authors have investigated the nature and position of the oxygen interstitial species. 
Jorgensen et al. [58] determine the oxygen interstitial site to be the (0.25, 0.25, z) position, 
where z ≈ 0.25,  in the Fmmm structure, i.e. excess oxygen occupies the interstitial sites in 
the LaO rocksalt layers. This position provides a favourable co-ordination to four La atoms 
but requires four nearby oxygen atoms to be displaced from their normal positions. 
Examination of bond length changes with variations in the excess oxygen content lead the 
authors to conclude that in the Fmmm structure the excess oxygen is an O2- interstitial 
defect. However, investigation of the Bmab phase does not lead to identification of a 
location for the oxygen defect and Jorgensen et al. comment that the variation of the unit 
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cell volume with excess oxygen content suggests that a defect with a substantially different 
structure (compared to the O2- interstitial) is formed. 
Mehta et al. [57] determine the position for the excess oxygen atom in the Fmmm 
symmetry to be (0.25, 0.25, 0.25). The authors suggest that when one interstitial site is 
filled the interstitial site related to it by a two-fold rotation about the c-axis is also 
occupied, which creates a vacancy at the adjacent apical oxygen site. Paulus et al. [82] 
studied single crystals of La2NiO4.14 by neutron powder diffraction and find the interstitial 
oxygen to be located at exactly (0.25, 0.25, 0.25) indicating that the interstitial oxygen 
does not occupy a split position. The authors determine that intercalation of interstitial 
oxygen occurs by tilting of the NiO6 octahedra in the tetragonal structure. This 
experimentally determined observation is supported by the density functional theory 
calculations performed by Frayret [83]. In these calculations the authors determine a tilt 
angle of about 12° to the NiO6 octahedra in the vicinity of interstitial oxygen in the 
I4/mmm structure and a tilt of 5° in the Bmab structure. The authors suggest that based on 
these observations intercalation of oxygen is a more efficient way of reducing strain than 
the orthorhombic distortion. 
Read et al. [73] performed computer simulation calculations to model isolated point defect 
formation in stoichiometric La2NiO4. They determined that the favoured position of the 
interstitial oxygen is at (0.25, 0.25, 0.25), lying between adjacent LaO layers. The 
favoured oxygen vacancy formation is in the equatorial position opposed to the apical 
sites. Read et al. suggest that oxygen interstitial formation is compensated for by formation 
of Ni3+ holes, as would be expected. 
Calculation of the formation energy of intrinsic defects in orthorhombic LNO by 
Minervini et al. [78] predicts that the dominant lattice disorder is the formation of anion 
Frenkel pairs resulting in formation of an oxygen vacancy and an oxygen interstitial with a 
defect energy of 2.27 eV/defect. The equation for formation of oxygen interstitials by 
intrinsic Frenkel disorder is shown in Equation 2.1. 
''
iOO OVO +↔
••×  Equation 2.1 
Minervini et al. suggest that oxygen interstitial formation is compensated for by hole 
formation associated with the oxidation of nickel ions, or by a combination of an oxidised 
lattice oxygen ion and an oxidised nickel ion, given in Equation 2.2 and Equation 2.3.  
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The authors conclude that the interstitials can be either O- or O2- and they will be located in 
the La2O2 planes as opposed to the NiO planes and the oxygen and nickel holes reside in 
the NiO planes. Skinner [86] comments that dependent on the value of δ, charge 
compensation may be through a combination of the Ni3+, O- and O2- species, which further 
complicates analysis of the structural transitions. However, more recent atomistic 
simulation of the oxygen excess compensation mechanisms in tetragonal La2NiO4 by 
Cleave et al. [77] have been unable to model the inclusion of an O- interstitial defect and 
density functional theory calculations by Frayret et al. [83] determine the interstitial 
oxygen to be O2-. 
It is clear from this review that the structure of LNO is highly dependent on the oxygen 
stoichiometry and it is likely that the synthesis and processing methods will affect this. 
This highlights the requirement for careful correlation of oxygen stoichiometry with 
structure and consideration of the effects of these on LNO performance as an IT-SOFC 
cathode. 
2.2.4 Stability of La2NiO4+δ  
The long term stability of LNO is an important consideration for operation in an SOFC 
and in this section a review of the literature pertaining to the stability of LNO in a range of 
atmospheres is discussed.  Odier et al. [93] find the K2NiF4 structure of LNO to be stable 
in air up to 1200°C and Skinner [86] finds LNO to be stable up to 800°C in vacuum. 
However Odier et al. comment that the maximum stability temperature is likely to be 
dependent on oxygen partial pressure and above 1200°C, for compositions where La/Ni is 
less than two, La2NiO4 and NiO form. Long term ageing of La2NiO4.15 was performed by 
Amow et al. [54] and found that after heating in air for 2 weeks at 900°C, a mixed valent 
(Ni2+/Ni3+) impurity phase formed.  
Yaremchenko and co-authors [94] investigated the phase stability limits of cobalt doped 
LNO at low oxygen partial pressures from conductivity and Seebeck coefficient 
measurements. The authors compare these with similar results obtained by Cherepanov et 
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al. and Rice and Buttrey for LNO. The phase stability limits for La2NiO4+δ, 
La2Ni0.9Co0.1O4+δ, Co/CoO and Ni/NiO taken from [94] are shown in Figure 2.5. 
 
Figure 2.5 : Phase stability limits of La2NiO4+δ and La2Ni0.9Co0.1O4+δ taken from [94] 
LNO displays phase stability over the approximate regime 1 x 10-10 Pa to 1 x 10-7 Pa 
between 800°C and 1000°C. The higher pO2 regime observed by Cherepanov seen in 
Figure 2.5, is likely to be due to the combined effect of different equilibria on the 
electrochemical measurements [94]. Yaremchenko and co-authors [94] also comment on 
thermodynamic predictions by Yokokawa et al. [95] which show that minor deviations 
from the nominal La:Ni ratio should have a strong effect on the stability limit. This 
stability limit may vary from an upper oxygen partial presure value for a slight excess of 
nickel (Ni + ½O2 ↔ NiO) to a lower limit for a slight excess of lanthanum oxide (La2O3 + 
Ni + ½O2 ↔ La2NiO4). 
From these studies it is apparent that the oxygen partial pressure is an important variable 
on the stability of LNO and the LNO phase is sensitive to the environment. The long term 
degradation of LNO in air, observed by Amow et al. [54] could prohibit the use of LNO in 
SOFC devices and further investigation of this is required. In addition to the phase stability 
limits of LNO, the material has displayed reactivity with other ceramic SOFC materials 
and this is discussed below. 
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2.2.5 Reactivity of La2NiO4+δ 
The reactivity of LNO with other SOFC materials is an important consideration as 
reactions can lead to the formation of performance limiting intermediate phases. Several 
authors have reported decomposition of LNO to higher order Ruddlesden-Popper phases, 
which occurs via an oxidation process. 
Amow et al. [54] observed degradation of Co doped LNO deposited on CGO into higher 
order Ruddlesden-Popper phases after heating at 950°C in air using ambient temperature 
x-ray diffraction. However, it should be noted that no comment is made on whether the 
new phase is a result of interaction with the electrolyte materials or if it is from 
decomposition of the electrode alone. This is in agreement with the observations of Pérez-
Coll et al. [96] who find a reaction between LNO and Ce1-xSmxO2-δ in composite cathodes, 
forming the La3Ni2O7 phase. We have also previously observed formation of higher order 
Ruddlesden-Popper phases in LNO composites with CGO20, however no reaction was 
observed between LNO and LSGM8282 [97]. From these observations it appears that 
LNO reacts with ceria based fluorite electrolytes, however it is stable with perovskite 
lanthanum gallate based electrolytes. 
All the reactions observed here have been identified by x-ray diffraction after heating of 
the phases and cooling to room temperature (termed ex-situ x-ray diffraction). Whilst it is 
apparent that there is ready formation of higher order Ruddlesden-Popper phases under 
certain conditions, given the sensitivity of the LNO phase stability to oxygen partial 
pressure and temperature there is a need to investigate the reaction as it develops. This has 
been undertaken in Chapter 6 by in-situ synchrotron x-ray powder diffraction on heating 
and cooling of composites and indicates that the phases identified at room temperature 
after heating do not necessarily correlate to those at elevated temperatures. 
2.2.6 Higher Order Ruddlesden Popper Phases 
The formation of the higher order Ruddlesden-Popper materials with general formula 
An+1BnO3n+1, La3Ni2O7 (3-2-7) and La4Ni3O10 (4-3-10), occurs by oxidation of La2NiO4 
(2-1-4), resulting in an additional perovskite layer between the rocksalt layers of the 
structure. The proportion of Ni3+ increases with increasing n in the series An+1BnO3n+1, 
which leads to increasing electronic conductivity, reported by Amow et al. [53]. Figure 2.6 
shows the structures of the An+1BnO3n+1 series for n = 1, n = 2 and n = 3. 
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Figure 2.6 : Structure of the Ruddlesden-Popper series, with general formula An+1BnO3n+1 (taken from [53]) 
Amow et al. [53, 54, 81] have undertaken a systematic study of the higher order 
Ruddlesden-Popper materials based on LNO. The authors comment that the formation of a 
mixed valent Ni2+/Ni3+ phase observed in LNO after ageing for 2 weeks in air at 900°C, 
suggests that the higher order phases may be more stable and they show no new phase 
formation under the same ageing conditions as LNO. Both the n = 2 and n = 3 members of 
the series are oxygen deficient with stoichiometries of La3Ni2O6.95 and La4Ni3O9.78 and 
room temperature orthorhombic (Fmmm) structures reported [54]. 
The work undertaken for this thesis has focussed on the n = 1 material, La2NiO4+δ, 
however investigation on the structure and stability of LNO in Chapter 4 and the reactivity 
of LNO with electrolyte materials in Chapter 6, includes some discussion of these higher 
order Ruddlesden-Popper phases. 
2.2.7 Alternative rare-earth K2NiF4-type Materials  
Lanthanum nickelate was initially the subject of much research as it is an analogue of the 
superconducting La2CuO4+δ material. However, numerous authors have also investigated 
the alternative rare-earth K2NiF4-type materials based on neodymium and praseodymium 
nickelate. As with LNO, Nd2NiO4+δ and Pr2NiO4+δ have been reported to display a range 
of structures and spacegroups, which are dependent on the oxygen stoichiometry [98, 99]. 
Mauvy et al. [50] comment that the long term stability of neodynium nickelate has yet to 
be investigated, however initial investigation indicates that the phase is stable. However, 
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praseodymium nickelate has been found to readily decompose to the Pr4Ni3O10 and Pr6O11 
phases [14, 63], limiting its use in SOFCs. 
2.2.8 Summary 
A detailed overview of the literature relating to the structure and stability of LNO has been 
given, including a brief comment on the structure and stability of the higher order 
Ruddlesden-Popper materials and Nd2NiO4+δ and Pr2NiO4+δ. This has included discussion 
of the numerous reported structures and spacegroups of LNO and the sensitivity of the 
structure to oxygen stoichiometry. In Chapter 4 the structure of LNO has been investigated 
by thermal analysis and high resolution synchrotron x-ray powder diffraction with the aim 
of enhancing understanding of the relationship between structure and oxygen 
stoichiometry. In Chapter 6 the stability and reactivity of LNO in composites with IT-
SOFC electrolyte materials is reported, with studies made from in-situ high resolution 
synchrotron x-ray powder diffraction. The aim of this was to determine the in-situ reaction 
phase formation and kinetics at SOFC operating temperatures. 
The mass transport properties of SOFC cathodes are very important as the processes of 
oxygen incorporation at the cathode surface and oxygen ion diffusion through the bulk are 
required for efficient operation. The mass transport properties of LNO and K2NiF4-type 
materials are discussed below. 
2.3 Oxygen Tracer Diffusion and Surface Exchange 
The mass transport of K2NiF4-type materials has been studied by various experimental 
techniques. Numerous studies have been carried out to investigate the oxygen tracer 
diffusion coefficient (D*) and surface exchange coefficient (k*) characteristics of LNO. 
The oxygen isotopic exchange and secondary ion mass spectrometry (SIMS) techniques 
have been used to measure D* and k* of LNO polycrystalline samples [56, 60, 100, 101], 
single crystals [102] and oriented thin films [103]. In addition, the oxygen diffusion 
mechanism in LNO has been investigated by molecular dynamic calculations [43] and 
electrical conductivity relaxation has been used to investigate the oxygen transport kinetics 
of LNO thin films [104].  
The self-diffusion and surface exchange coefficients of LNO have been determined by 
Smith and Norby using steady state permeation membrane measurements [105] and 
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Vashook et al. measured the oxygen permeability as a function of partial pressure [106, 
107]. As oxygen permeation measurements can be used to estimate values of the ionic 
conductivity [94], these studies are discussed in detail in Section 2.4. The focus of this 
section is discussion of the oxygen tracer diffusion and surface exchange coefficients.  
The references above represent the work undertaken on the mass transport properties of 
undoped La2NiO4+δ; there are further studies on lanthanum deficient La1.95NiO4+δ [108], 
doped La2MO4+δ, where M = Fe, Cu, Co [68-70, 72, 74, 76, 94], doped La1-xSrxNiO4+δ [56, 
65, 106] and analogues of Nd2NiO4+δ [60] and Pr2NiO4+δ [52, 60, 62, 71]. In the 
proceeding sections the major findings and conclusions are summarised from these works, 
with specific focus on the mass transport properties of undoped La2NiO4+δ. 
2.3.1 La2NiO4+δ 
Skinner, Kilner and Shaw [56, 100, 101] and Boehm et al. [60] measured oxygen tracer 
diffusion and surface exchange coefficients in polycrystalline LNO using oxygen isotopic 
exchange and SIMS. The authors determine the D* values of LNO to be high (in the order 
of 10-8 cm2.s-1 at 700°C). This is higher than that of the alternative IT-SOFC cathode 
material La0.6Sr0.4Co0.2Fe0.8O3-δ [33] and the authors conclude that this is very promising 
for the use of LNO in IT-SOFCs. The k* values are reasonable (of the order of 10-7 cm.s-1 
at 700°C), however there is a degree of variability between the reported measured values, 
which may be due to the oxygen stoichiometry of the samples or surface contamination 
due to differences in the sample synthesis and preparation routes. 
Having established the high degree of oxygen ion transport in bulk LNO, Bassat et al. 
[102] investigated the anisotropic nature of the mass transport properties in single crystal 
LNO. The layered structure of LNO suggests that oxygen ion diffusion (in the form of 
interstitials) would dominate along the a-b plane as the path for diffusion along the c-axis 
involves less favourable migration through fully occupied oxygen sites in the perovskite 
blocks. Bassat et al. determined D* to be approximately two orders of magnitude greater in 
the a-b plane than along the c-axis, however the activation energy along the c-axis was 
significantly lower than along the a-b plane; 0.25 eV compared with 0.88 eV.  This would 
appear to be contradictory as it would be expected that the direction which has the higher 
D* value (i.e. faster diffusion kinetics) would have a lower activation energy for the 
diffusion process. As a possible explanation for this observation, the authors suggest that 
this low value may be due to a diffusion mechanism involving smaller O- interstitial 
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species via oxygen vacancies in the c-axis direction, as opposed to O2- interstitial species 
along the a-b plane. The surface exchange coefficient in the single crystal displays weak 
anisotropy and activation energies are 0.74 eV and 0.86 eV for the a-b plane and c-axis, 
respectively. This observation is not surprising and as the authors comment, the surface 
phenomena (such as adsorption, dissociation, reduction of oxygen) would only be slightly 
easier in the a-b plane compared with the c-axis.  
Although the single crystal study revealed anisotropic diffusion properties in LNO, the 
degree of anisotropy was surprising; it would be anticipated that there would be a greater 
disparity between D* in the a-b plane and c-axis than that reported by Bassat et al. [102]. 
In an effort to investigate this, Burriel et al. [103] performed oxygen isotopic exchange and 
SIMS on oriented thin films of LNO deposited on SrTiO3 (STO) and NdGaO3 (NGO). The 
D* values obtained by Burriel et al. for thin films of LNO deposited on NGO are shown in 
Figure 2.7, and are compared with the single crystal values measured by Bassat et al. 
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Figure 2.7 : Oxygen tracer diffusion coefficients (D*) in oriented thin film LNO [103], single crystal LNO 
[102] and polycrystalline LNO [102] (modified from [103]) 
The measurements of D* made on thin film LNO indicate that diffusion in the c-axis is 
approximately three orders of magnitude lower than in the a-b plane. Although the effects 
of strain in the thin films on the oxygen diffusion coefficient cannot be ignored, the 
authors comment that the very low activation energies observed may be associated with 
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oxygen stoichiometry, LNO structure and the existence of O- interstitial species. However, 
using density functional theory calculations, Frayret et al. [83] determine the interstitial 
oxygen to be O2- species in LNO, suggesting that the low activation energies observed do 
not originate from the presence of an O- species. 
The surface exchange data for thin films in the a-b direction [103] is in reasonable 
agreement with the single crystal [102] and polycrystalline data [102], however the surface 
exchange coefficient appears to display a higher degree of anisotropy in thin films. Given 
the very thin nature of the films, this is not necessarily surprising, as the mass transport 
properties will be limited by the surface exchange processes. Kim et al. [104] investigated 
the oxygen transport kinetics in epitaxial thin films (~3000 Å) of LNO by electrical 
conductivity relaxation measurements. The authors determine the oxygen transport to be 
controlled by the surface exchange reaction, which is composed of two independent kinetic 
regions. The faster surface exchange kinetics were assigned to the (110) and (100) 
orientations and the slower surface exchange kinetics to the (001) direction. This is in 
agreement with the observations of Bassat et al. [102] and Burriel et al., [103] where the 
surface exchange coefficient is greater in [100] (the a-b direction) compared with the [001] 
direction (c-axis). 
In an attempt to enhance the mass transport of undoped LNO, various authors have 
investigated the effects of doping and this is discussed below. 
2.3.2 Cation Substituted La2NiO4+δ  
To date, the most significant enhancement of the D* and k* values through doping of LNO 
has been achieved with La2Ni1-yCoyO4+δ by Munnings et al. [72] and Kilner and Shaw 
[100]. These studies indicate that where y > 0.5, D* values increase compared with the 
undoped material and at lower temperatures the y = 0.8 and y = 1.0 materials are 
approximately two orders of magnitude greater than the pure nickelate material. A similar 
relationship is observed for the surface exchange coefficient, where increasing Co content 
increases k* values for all values of y. At low temperatures the greatest increase is in the y 
= 0.8 and y = 1.0 materials which indicate values of k* approximately three orders of 
magnitude higher than the pure nickelate material. As the mass transport properties of 
LNO are likely to be limited by the surface exchange reactions, cobalt-doping offers an 
opportunity to overcome this problem. However, Amow et al. [109] found the electronic 
conductivity of the La2Ni1-yCoyO4+δ series to decrease with increasing cobalt content up to 
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y = 0.7, with a slight increase in conductivity observed up to y = 1.0. This indicates that 
further investigation and optimisation of the electronic conductivity in the cobalt doped 
material is required, if it is to be considered for use as a SOFC cathode material. 
Skinner and Kilner [56] found that strontium substitution on the rare earth site led to a 
decrease of D* and k* by approximately an order of magnitude, which the authors suggest 
is partially due to a decrease in the number of oxygen interstitials. Boehm et al. [68] and 
Mauvy et al. [69] investigated the effects of copper substitution on the nickel site, La2Ni1-
yCuyO4+δ for y = 0.25, 0.5, 0.75 and 1.0, finding that the substitution of copper for nickel 
results in reduced D* and k* values compared with undoped LNO. Skinner and Kilner [76] 
determine that in La2Ni0.9Fe0.1O4+δ, there is no discernable effect on the D* and k* values 
compared with the pure nickelate material.  
2.3.3 Higher-Order Ruddlesden-Popper Materials 
A requirement of making mass transport measurements using either the oxygen isotopic 
exchange combined with SIMS or oxygen permeation techniques is the need for dense 
samples (ideally > 98% of the theoretical density). Attempts to obtain dense samples of the 
higher order Ruddlesden-Popper analogues of LNO have been unsuccessful with Amow et 
al. [53] reporting theoretical densities of ~58% for La3Ni2O7-δ and La4Ni3O10-δ. 
2.3.4 Alternative rare-earth K2NiF4-type Materials 
The mass transport properties for the Pr and Nd nickelates have been investigated by 
Boehm et al. [60, 61]. These studies have found that the oxygen tracer diffusion coefficient 
of Nd2NiO4+δ is a similar order of magnitude to LNO, however Pr2NiO4+δ, displays a D* 
value approximately 1 order of magnitude greater than LNO at low temperatures. The 
surface exchange coefficient for all other rare-earth nickelates is lower than that obtained 
for lanthanum nickelate, however Pr2NiO4+δ displays the next highest k* value at 
approximately half an order of magnitude lower than La2NiO4+δ.  The authors suggest that 
the enhanced D* value may be due to an increase in the number of oxygen interstitials as 
the value of δ increases with decreasing rare-earth cation size (La > Pr > Nd). However, 
the practical use of Pr2NiO4+δ cathodes in SOFCs is limited as it readily takes up oxygen to 
form Pr4Ni3O9 [63] or decomposes into the Pr4Ni3O10 and Pr6O11 phases [14, 110]. 
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2.3.5 Summary 
La2NiO4+δ displays a higher oxygen tracer diffusion coefficient than the traditional 
perovskite based SOFC cathode materials. The value of the surface exchange coefficient is 
reasonable in LNO, however it is likely that the mass transport properties will be limited 
by oxygen surface exchange as opposed to bulk diffusion. Molecular dynamic calculations 
indicate that oxide ion diffusion occurs in LNO via an interstitalcy mechanism and 
dominates in the a-b plane with limited contribution from diffusion along the c-axis. 
Substitution of either Sr on the rare earth site or Cu on the metal cation site results in a 
reduction in D* and k* compared with the pure nickelate material. However, it is worth 
noting that these doped materials display D* and k* coefficients which are approximately 
one order of magnitude higher than the typical perovskite SOFC cathode materials. 
Significant enhancements of the mass transport properties are made by the substitution of 
cobalt for nickel, however further work is needed to optimise the electronic properties of 
these materials. Pr2NiO4+δ displays the highest D* value of all the rare-earth nickelates 
investigated, however problems with stability preclude it from use in SOFCs. 
Although extensive research has been undertaken into the mass transport properties of 
LNO, there are currently no studies which relate the oxygen diffusion and surface 
exchange properties to the oxygen interstitial content. In addition, the majority of work on 
polycrystalline LNO has focussed on temperatures above 600°C. In an effort to 
corroborate the findings from the low temperature mass transport study on thin films, the 
mass transport properties of polycrystalline LNO between 700°C and 325°C are reported 
in Chapter 5. Throughout this study care has been taken to determine the oxygen 
stoichiometry to enable a direct correlation of δ with D* and k*, with the aim of assessing 
the cathode performance of LNO in the intermediate temperature range. 
2.4 Ionic Conductivity 
Electrical transport in solids is based on ionic (σi) and electronic conductivity (σe), as 
discussed in Chapter 1. The experimental complexity of determining σi values in MIEC 
materials means that there are limited studies on quantifying the ionic conductivity of 
K2NiF4-type materials. Oxygen flux can be directly measured by oxygen permeation 
membrane measurements and then used to calculate the ionic conductivity; however care 
needs to be taken as oxygen permeation through LNO is limited by both bulk ionic 
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transport and surface exchange rates at the membrane surfaces [111]. Alternatively, ionic 
conductivity can be calculated from the oxygen tracer diffusion coefficient using the 
Nernst-Einstein equation (discussed in Chapter 1) but care needs to be taken in selecting 
the correct parameters for this calculation.  
In undoped LNO, the oxygen self diffusion and surface exchange coefficients have been 
determined by Smith and Norby [105] from oxygen flux measurements of LNO 
permeation membranes. The authors compare the oxygen self diffusion coefficient with 
D* values obtained by Skinner [56] and observe them to be in reasonable agreement. This 
permeation membrane study indicates high oxygen ion transport in LNO, specifically 
compared with the traditional perovskite SOFC cathode materials based on 
La1−xSrxCo1−yFeyO3−δ materials, however values for σi are not quoted in the literature. 
Values for the ionic conductivity of doped LNO materials have been calculated by Li et al. 
[112] from oxygen permeation experiments for La1.9Sr0.1NiO4+δ and by Mauvy et al. [50] 
for Nd2NiO4+δ from the Nernst-Einstein equation. Li et al. [112] find that at 800°C and an 
oxygen partial pressure of 1 atm, σi for La1.9Sr0.1NiO4+δ is 0.02 S.cm-1. The authors also 
observe an increase in ionic conductivity with increasing oxygen partial pressure, which it 
is believed is associated with an increase in oxygen interstitials. Mauvy et al. [50] calculate 
the ionic conductivity of Nd2NiO4+δ for two different mobile oxygen species 
concentrations based on different oxygen ion transport mechanisms. Firstly, one where the 
diffusion mechanism involves the inserted oxygen atoms as well as the apical oxygen 
atoms of the rocksalt layer and secondly, where all the lattice oxygen atoms and the 
oxygen interstitials are involved in the diffusion mechanism. For mechanism one, σi is 
calculated to be 6.67 x 10-4 S.cm-1 and for mechanism two, σi is 1.29 x 10-3 S.cm-1, at 
793°C. These values are at least an order of magnitude lower than the value derived by Li 
et al. in strontium doped LNO. The lower ionic conductivity in the neodymium nickelate 
suggests a lower concentration of mobile species, however the oxygen stoichiometry 
values Mauvy et al. use in their calculation are greater than those reported for 
La1.9Sr0.1NiO4+δ at the same temperatures [112]. It is more likely that the discrepancy is 
due to errors introduced by the approximations made in the calculation by Mauvy et al., 
whereas the σi value quoted by Li et al. is derived from physical measurements of the 
oxygen permeation flux and therefore likely to be more accurate. 
Kharton et al. [46, 111] and Yaremchenko [94] have undertaken oxygen flux 
measurements on LNO-based membranes to quantify the oxygen permeation flux density 
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and provide information on the ionic conductivity mechanisms in these materials as well as 
qualitative information on σi. An important observation from these works is that the 
authors believe there are two contributions to the ionic conductivity, namely oxygen 
interstitial migration in the rocksalt layers and oxygen vacancy diffusion in the perovskite 
planes, and the role of the vacancy diffusion mechanism increases with decreasing 
temperature. This observation is based on the effects of strontium doping on the rare-earth 
site, which introduces an increased vacancy concentration [46, 111]. It should be noted 
however, that from molecular dynamic calculations, Chroneos et al. [43] determine oxygen 
ion diffusion in LNO to be dominated by an anisotropic interstitialcy mechanism along the 
a-b plane, i.e. in the rocksalt layer.  
In addition, Kharton et al. [46, 111] and Yaremchenko [94] found the oxygen permeation 
fluxes were limited by both bulk ionic conductivity and surface exchange rates and 
therefore, may be enhanced by catalytically active layers deposited on the membrane 
surface. The authors also make the important observation that the oxygen permeability of 
K2NiF4-type phases exhibiting maximum ionic transport, such as La2Ni0.98Fe0.02O4±δ, 
La2Ni0.88Fe0.02Cu0.10O4±δ and La2Cu0.90Co0.10O4±δ, is about one order of magnitude lower 
than that of most permeable perovskite-type materials. This is interesting as the oxygen 
isotopic exchange and SIMS measurements indicate that the oxygen tracer diffusion 
coefficient of LNO is several orders of magnitude greater than the perovskite LSCF [56, 
100], which appears to contradict the observation made by oxygen permeation membrane 
measurements. 
2.5 Electronic conductivity 
In this section, a review of the literature relating to the electronic conductivity of K2NiF4-
type materials is undertaken. In La2NiO4+δ-based materials, the values of σi are generally 
several orders of magnitude lower than σe, therefore electrical conductivity values will be 
dominated by the electronic component.  
2.5.1 La2NiO4+δ 
Numerous studies have been undertaken on the electronic conductivity of LNO, 
investigating the relationship with temperature, oxygen partial pressure and oxygen 
interstitial content [53, 85, 94, 111-115]. It is accepted that LNO displays semi-conductor 
behaviour up to approximately 300°C at which point it undergoes a smooth semi-
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conductor to metallic transition and displays metallic behaviour up to 1100°C. In the IT-
SOFC temperature regime of 500°C to 700°C, LNO therefore displays metallic behaviour, 
with decreasing conductivity on increasing temperature. For this reason, it is desirable for 
LNO to be operational in SOFC devices at the lower end of the temperature range, where 
the electronic conductivity varies from approximately 50 to 60 S.cm-1 [53, 114]. The 
electronic conductivity is described by p-type behaviour, which is believed to occur by 
nickel holes displaying a hopping mechanism and the origin of the semi-conductor to 
metal transition is believed to be associated with a decrease in hole concentration as a 
result of oxygen loss on heating [115]. Attempts to enhance the electronic conductivity of 
LNO by doping on both the rare earth and nickel sites have been undertaken. 
2.5.2 Effect of Doping LNO 
The electrical conductivity of various K2NiF4-based compositions with Sr and Pr doping 
on the rare earth site and substitution of Fe, Cu, Co and Mn on the nickel site have been 
investigated by numerous authors [94, 106, 107, 111-114]. 
To enable a quantitative comparison Al Daroukh et al. [114] prepared the traditional 
perovskite cathode materials, La0.5Sr0.5MnO3-x and La0.8Sr0.2Co0.1Fe0.9O3-x alongside 
materials with the K2NiF4-type structure. The authors find that the highest electrical 
conductivities for the K2NiF4-type materials are achieved with nickel and cobalt transition 
metals and partial strontium doping on the rare earth site. All the K2NiF4-type materials 
display p-type conductivity and undergo a semi-conductor to metallic transition, however 
the temperature of this is dependent on composition. These materials can achieve a 
maximum conductivity of approximately twice that of undoped LNO at 600°C, for 
example, a value of 100 S.cm-1 is obtained by La1.7Sr0.3NiO4+δ, La1.4Sr0.6NiO4+δ, 
LaSrCoO4+δ and La0.5Sr0.5MnO3-x, compared with approximately 55 S.cm-1 for undoped 
La2NiO4+δ. It should be noted that the maximum electrical conductivity in this study was 
achieved by the perovskite La0.5Sr0.5MnO3-x, which is known to be a good electronic 
conductor and poor ionic conductor [116]. The authors comment that the perovskite oxides 
La0.5Sr0.5MnO3-x and La0.8Sr0.2Fe0.9Co0.1O3-x may serve as lower limits for the required 
conductivity of electrodes in SOFCs. 
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2.5.3 Higher Order Ruddlesden-Popper Materials 
Amow et al. [53, 54] studied the higher order Ruddlesden-Popper phases La3Ni2O6.95 and 
La4Ni3O9.78, observing that the electrical conductivity appears to display an increase with 
increasing ‘n’. The authors explain this by an increase in the number of perovskite layers 
resulting in an increasing number of conduction pathways leading to an enhanced 
electrical conductivity. The 4-3-10 phase is found to be metallic and its conductivity 
decreases with increasing temperature. This suggests that La4Ni3O9.78 is a promising SOFC 
cathode material, displaying electrical conductivity that is greater than La2NiO4+δ and that 
increases on decreasing temperature. Amow et al. also investigated the electrical 
conductivity of the cobalt doped materials La4Ni3-xCoxO10±δ (0.0 < x < 3.0, Δx = 0.2) 
[117]. The authors observe that, as with the 2-1-4 LNO material [109], cobalt doping 
results in a reduction in the electrical conductivity. 
Zhang & Greenblatt [118] investigated the electrical conductivity of Ln4Ni3O10-δ for Ln = 
La, Nd and Pr in the temperature range -273 to 27°C. In agreement with Amow et al., 
Zhang and Greenblatt determine that at room temperature La4Ni3O10-δ displays a metallic 
behaviour and neodymium and praseodymium 4-3-10 nickelates display a metal to metal 
transition below 0°C, associated with structural transformations. A decrease in electrical 
conductivity is observed with decreasing ionic radii, i.e. La > Pr > Nd. 
2.5.4 Alternative Rare Earth Nickelates 
Investigation of the substitution of Cu, Mg, Zn and Fe on the B-site in Ln2Ni1-xBxO4 (Ln = 
La, Pr and Nd) shows that the copper doped material has the greatest conductivity [62]. At 
640°C, the highest conductivity is achieved by Pr2Ni0.8Cu0.2O4 with a value greater than 
102 S.cm-1, however as the temperature increases the electronic conductivity of the 
praseodymium-based material drops off and Nd2Ni0.8Cu0.2O4 displays the greatest value. 
Vashook et al. [119] also investigated the electrical conductivity of praseodymium-based 
materials. The authors determine that doping Pr2NiO4 with strontium on the rare-earth site 
generally increases the electronic conductivity with increasing temperature. The highest 
conductivity of approximately 120 S.cm-1 is achieved by Pr1.5Sr0.5NiO4, which also 
displays p-type behaviour. However, the known instability of Pr2NiO4 on heating [14, 63] 
brings into question the suitability of praseodymium-based materials for practical use in 
SOFCs. 
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2.5.5 Summary 
Oxygen permeation flux measurements indicate that the ionic conductivity of LNO-based 
materials is in the range 10-2 to 10-4 S.cm-1 at IT-SOFC operating temperatures. This 
indicates promising levels of ionic conductivity for SOFC cathodes, however Kharton et 
al. [46] make the observation that the oxygen permeation flux is one order of magnitude 
lower than that of most permeable perovskite-type materials. However, Smith and Norby 
[105] find that permeation measurements indicate high oxygen ion transport in LNO, 
specifically compared with the traditional perovskite SOFC cathode materials based on 
La1−xSrxCo1−yFeyO3−δ materials. This is in agreement with the D* and k* mass transport 
measurements made by Skinner and Kilner [56], who determine the values for LNO to be 
at least an order of magnitude higher than those for perovskite materials based on 
La1−xSrxCo1−yFeyO3−δ. 
The electronic conductivity of LNO can be enhanced by doping with strontium on the rare 
earth site, however it is still less than the highest reported values for 
La0.6Sr0.4Co0.2Fe0.8O3-δ. Praseodymium based materials display the highest electrical 
conductivity for K2NiF4-type materials but their instability presents a practical barrier to 
their use in SOFCs. 
Higher order Ruddlesden-Popper materials based on LNO have shown increased electronic 
conductivity, however problems with obtaining dense samples for measurements mean 
there is some ambiguity about the absolute reported values. As a general trend an increase 
in the number of perovskite layers appears to lead to an increase in p-type electronic 
conductivity. Further investigation of the 4-3-10 material would be of particular interest as 
this displays metallic behaviour, i.e. higher conductivity at lower temperatures, suggesting 
high levels of electronic conductivity in the intermediate temperature operating range. 
The aim of this section has been to introduce the reported values of ionic and electronic 
conductivity of potential cathode materials based on the K2NiF4-type structure and discuss 
the proposed mechanisms of electrical conductivity. These are important fundamental 
parameters on which to assess the performance of cathode materials. In this thesis, LNO 
electrode performance has been assessed using the electrochemical impedance 
spectroscopy (EIS) technique, where analysis of the outcome from this technique requires 
an understanding of the fundamental mass transport and electrical conductivity 
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mechanisms. A review of the literature relating to EIS measurements on LNO-based 
materials is given in Section 2.6. 
2.6 Electrode Performance: Electrochemical Impedance Spectroscopy 
A detailed discussion on the principles of electrochemical impedance spectroscopy (EIS) is 
given in Chapter 3. The aim of this section is to provide a review of the literature relating 
to EIS measurements made on LNO-based SOFC cathode materials and the area specific 
resistance (ASR), introduced in Chapter 1, is a convenient measureable parameter by 
which to compare cathode performance.  
The electrode performance of MIEC cathode materials is generally based on a combination 
of the mass transport properties and the electrical conductivity. As discussed in Chapter 1, 
the steps which occur at the cathode as part of the oxygen reduction reaction can be limited 
by the surface exchange (oxygen adsorption, dissociation and incorporation), bulk 
diffusion (oxide ion transport) and charge transfer (oxide ion reduction) processes. Using 
the EIS technique, information on the electrode processes can be obtained by symmetrical 
cell or three electrode measurements and by varying oxygen partial pressure the rate 
limiting step at the electrode can be determined. The aim is to obtain SOFC cathode 
materials which display low ASRs as this relates to low polarisation resistances (defined in 
Chapter 1). 
It is important to note that the ASR of electrodes is very sensitive to the ceramic 
processing techniques and the electrode microstructure, which further complicates 
comparison of ASR values from the literature by different authors. The following is a list 
of desirable microstructural and processing properties for an electrode [120-122]. 
• Small, uniform, particle size; resulting in increased surface area and number of 
TPB points, thereby maximising the number of sites for the oxygen reduction 
reaction to occur. 
• Adequate thickness of the deposited electrode; needs to be sufficient for a large 
number of TPB points, however not so great that it inhibits gas diffusion through 
the electrode. 
• Sound adherence of the electrode layer to the electrolyte; required for long term 
mechanical stability and oxygen ion transfer across the electrode/electrolyte 
boundary (measureable by a low resistance). 
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• Porous electrode; sufficient for gas diffusion to occur, however not so great that 
there is poor connectivity of particles and therefore limited active pathways for 
oxygen ion migration. 
2.6.1 La2NiO4+δ Cell Testing 
Several studies have been carried out to assess the performance of LNO-based cathodes on 
the electrolyte materials YSZ [66, 110, 123-125], samarium doped ceria (SDC) [96, 126, 
127], LSGM [53, 54, 117, 128] and CGO [54]. In addition, extensive research on the 
performance of Nd2NiO4+δ-based electrodes on YSZ has been performed [48, 50, 110, 
129]. Clearly, if K2NiF4-type materials are intended to be used as electrodes in IT-SOFC 
devices, then their performance with electrolyte materials which operate in this 
temperature range is key. However, the performance of LNO on YSZ can still provide 
useful information relating to some of the fundamental electrode processes which occur.  
It is important to note that despite CGO being one of the most promising IT-SOFC 
electrolytes very little published work appears to exist relating to LNO performance with 
CGO. Amow et al. [54] observe that symmetrical cells of cobalt doped LNO deposited on 
CGO exhibit ASR values that are approximately two to three orders of magnitude greater 
than the same cathode on LSGM. There therefore seems to be evidence of poor 
performance for LNO on CGO, which may explain the apparent gaps in the literature. A 
significant part of the work performed as part of this thesis has focussed on obtaining 
competitive ASR values for LNO on CGO. It is also worth noting that Pérez-Coll et al. 
[96, 126] obtain low ASR values on the samarium doped ceria electrolyte, which is closely 
related to the gadolinium doped ceria (CGO) electrolyte. 
From AC impedance of symmetrical cells of LNO [123, 125, 130], it is observed that there 
are three main electrode processes, which are assigned as oxide ion transfer across the 
electrode/electrolyte boundary (in the medium frequency region), and the electrode 
transport processes composed of charge transfer and mass transport (in the low frequency 
region). It is generally accepted that it is difficult to deconvolute the AC impedance arcs in 
the low frequency region and specifically assign the charge transfer and mass transport 
processes, however the rate limiting step can be assigned by studying the response in 
variable pO2 environments [110, 123]. Escudero et al. [123] determine the rate limiting 
step for LNO on YSZ to be atomic oxygen diffusion within the electrode followed by 
charge transfer. Given the high oxygen ion diffusion reported in Section 2.3 and the 
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relatively low electronic conductivity reported in Section 2.5, it is possible that the rate 
limiting step observed by Escudero et al. [123] is controlled by the charge transfer reaction 
which is dependent on the electronic conductivity of the cathode. 
The reported area specific resistances of LNO are therefore composed of the resistances 
obtained for each of the observed electrode processes identified by the authors. A 
summary of reported ASR values for undoped LNO on various electrolyte materials is 
given in Table 2.1. Prior to comparing the ASR values in Table 2.1, it is important to note 
that the values are reported over a range of temperatures and in general, with increasing 
temperature the ASR will decrease. 
Brandon et al. [12] report that for an SOFC cathode the ASR should not exceed 0.15 
Ω.cm2 at the desired operating temperature and ideally this should be the maximum value 
with lower ASRs improving the cell performance. It can be seen from Table 2.1 that in the 
intermediate SOFC temperature range, LNO is at least an order of magnitude greater than 
this desired value. It can be seen that the lowest ASR for LNO (taking into account the 
measurement temperatures) is obtained with the perovskite based electrolyte, LSGM and 
not the fluorite based YSZ or SDC. In addition, another important observation is the 
apparent improvement in ASR for LNO deposited on YSZ when an additional current 
collection layer is used, such as that reported by Laberty et al. with La0.7Sr0.3CoO3 in [124] 
compared with the value obtained by Mauvy et al. in  [110]. 
Table 2.1 : Summary of ASR values for LNO cathodes  
Cell Arrangement Temperature (°C) 
ASR 
(Ω.cm2) 
Symmetrical cell of LNO on YSZ with Pt mesh 
current collector [110] 610 10.0 
Symmetrical cell of LNO on La0.9Sr0.1Ga0.8Mg0.2O3-δ 
with Pt mesh current collector [128] 575 2.7 
LNO on YSZ (asymmetrical cell) with 
La0.7Sr0.3CoO3 & silver mesh current collectors [124] 
800 0.9 
LNO on Ce0.7Sm0.3O2-δ with Pt paint and Pt mesh 
current collectors [96] 700 3.4 
LNO on Ce0.7Sm0.3O2-δ +2% Co with Pt paint and Pt 
mesh current collectors [96] 700 2.2 
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From the work reported in Table 2.1 it is clear that enhancement of the ASR values of 
LNO is required if it is to be considered a competitive IT-SOFC cathode material. This has 
led some authors to study LNO composite cathodes and the effects of doping LNO. 
2.6.2 Composite LNO-based Cathodes and Doped LNO Cathodes 
Composite cathodes of LNO with SDC have been studied by Pérez-Coll et al. [96] and 
Laberty et al. [124], and Gong et al. [127] have investigated the performance of strontium 
doped LNO and SDC composites. An important consideration for composite cathodes is 
the reactivity between the component materials and although Laberty et al. make no 
comment on any observed reaction between LNO and SDC, Pérez-Coll et al. observe the 
formation of La3Ni2O7 in LNO/SDC composites. Gong et al. do not observe any additional 
diffraction peaks from x-ray diffraction of calcined La1.6Sr0.4NiO4+δ/SDC composites, 
however they do observe a change in peak position and intensity, which suggests there 
may be some interdiffusion of cations in the composite. 
Despite the observed reactions with SDC, composites of LNO/SDC appear to show 
improved cathode performance compared with single phase LNO. It is, however, also 
important to consider the long term effects of any reactions and the potential for 
degradation in SOFC performance that this may lead to. The improved performance 
observed with LNO composites leads Laberty et al. to conclude that cathodes based on 
single phase LNO are not sufficient for use in IT-SOFCs and despite a theoretical 
improvement by using MIEC electrodes their practical performance does not reflect this. 
The mass transport properties of cobalt doped LNO cathodes were reported to be excellent 
by Munnings et al. [72] and the electrical conductivity was investigated by Amow et al. 
[109] and found to be reasonable. Amow et al. [54] have gone on to investigate the 
cathode performance of these materials in symmetrical cells with LSGM as the electrolyte. 
ASR values for doped LNO cathodes and composite cathodes are summarised in Table 2.2 
From the ASR values shown in Table 2.2, it is clear that cathodes based on composites of 
LNO show an enhanced performance compared to cathodes of pure LNO shown in Table 
2.1. In addition composite cathodes indicate an improved electrode performance compared 
with cobalt doped LNO, which given the excellent mass transport properties reported by 
Munnings et al. [72] suggests that the electronic conductivity is not sufficient and the 
charge transfer reaction is limiting performance. 
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Table 2.2 : Summary of ASR values for LNO-based composite cathodes and doped LNO cathodes 
Cell Arrangement Temperature (°C) 
ASR 
(Ω.cm2) 
Symmetrical cell of LNO:Ce0.8Sm0.2O2-δ 100:50 
composite on Ce0.8Sm0.2O2-δ with Pt paint and Pt 
mesh current collectors [96] 
800 0.29 
LNO:Ce0.8Sm0.2O2-δ 50:50 composite on YSZ 
(asymmetrical cell) with La0.7Sr0.3CoO3 & silver 
mesh current collectors [124] 
800 0.105 
Symmetrical cell of La0.6Sr0.4NiO4+δ:Ce0.8Sm0.2O2-δ 
70:30 composite on Ce0.8Sm0.2O2-δ with Pt paint and 
Pt mesh current collectors 
800 0.24 
Symmetrical cell of La2Ni0.9Co0.1O4+δ on 
La0.9Sr0.1Ga0.8Mg0.2O3-δ with Pt mesh current 
collector [54] 
610 2.7 
2.6.3 Higher Order Ruddlesden-Popper Materials 
The electrode performance of the Ruddlesden-Popper phases, La3Ni2O7-δ and La4Ni3O10-δ 
as symmetrical cells on LSGM has been studied by Amow et al. [53]. The authors observe 
that at temperatures below ~700°C, there is almost no discernible difference in the ASRs 
for the lanthanum-based Ruddlesden-Popper series n = 1, 2 and 3. However, at 900°C the 
lowest ASR was obtained for the highest value of n, i.e. ASR values increased in the order 
La4Ni3O10-δ < La3Ni2O7-δ < La2NiO4+δ. It seems reasonable to conclude that ASR 
decreased with increasing electronic conductivity, however in the oxygen deficient phases 
the observed trend may be related to the systematic oxygen deficiency, which may 
facilitate improved oxide-ion conduction through the provision of vacant oxygen sites in 
the perovskite layers. This requires verification by mass transport measurements, which 
are discussed in Section 2.3.  
In a three electrode configuration on an SDC electrolyte, Pérez-Coll et al. [126] observe 
the ASR of La3Ni2O7-δ to be greater than that of La2NiO4+δ+, which is the opposite of 
Amow et al.’s findings. Pérez-Coll et al. [126] suggest that this maybe due to 
microstructural differences between the cathodes, with La3Ni2O7-δ displaying a greater 
particle size compared with the LNO electrodes, however unfortunately the authors do not 
provide information on the actual particle sizes. It is also possible that these differences 
could be due to the different electrolytes in the studies; in Section 2.6.1 it was observed 
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that the ASR of LNO was lower on perovskite LSGM than on the fluorite structured 
electrolytes. The improved performance of La3Ni2O7-δ on LSGM may be associated with 
its structural compatibility with the perovskite electrolyte structure, and the poor 
performance a result of a greater incompatibility with fluorite SDC. 
Despite Amow et al. [53] observing improved electrode performance with symmetrical 
cells of the higher order Ruddlesden-Popper materials, the ASR values are still in the 
region of 10 Ω.cm2 at 700°C. This is clearly greater than the desired value of 0.15 Ω.cm2 
quoted by Brandon et al. [12] and Amow et al. recognise this and suggest that these ASR 
values could be improved through optimisation of the microstructure, porosity and 
thickness of the cathode layers. 
2.6.4 Alternative Rare Earth Materials 
Mauvy et al. [110] studied symmetrical cells of Pr2NiO4+δ and Nd2NiO4+δ on the 
electrolyte YSZ and found that the polarisation resistance increased in the order La > Nd > 
Pr, however the instability of Pr2NiO4+δ would lead to practical problems with its use in 
SOFC devices. For this reason the authors have gone on to study cathodes based on 
neodymium nickelate in further detail and have undertaken numerous studies based on this 
material [47, 48, 50, 110, 129]. For Nd1.95NiO4+δ, in a three electrode cell arrangement, 
Mauvy et al. suggest that that at lower oxygen partial pressures the reaction rate limiting 
step is a molecular oxygen absorption-dissociation process (mass transfer process) and at 
higher oxygen partial pressures and high temperatures the charge transfer process is the 
rate limiting step. 
A subsequent study by Lalanne et al. [47] investigating the reactivity of Nd2NiO4+δ and 
YSZ found that there was no significant reactivity of these materials after 1 month at 
700°C. Three electrode configurations of Nd2NiO4+δ on YSZ and LSM on YSZ with a 
platinum reference electrode were studied to compare the impedance characteristics of 
these electrode materials. The authors determine that at 700°C at low polarisation the 
cathodic ASR is two orders of magnitude lower for the Nd2NiO4+δ than for LSM, i.e. 0.5 
Ω.cm2 compared with 20 Ω.cm2. The equivalent circuits used to model the two cells 
differed, which the authors suggest may be a result of a difference in transport properties 
with the nickelate material a MIEC and the perovskite material essentially an electronic 
conductor. 
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Lalanne et al. [47] undertook studies to investigate the performance of the neodymium 
nickelate in fuel cell tests with two different geometries; a single cell (4 x 4 cm2) and a 5-
cell stack (50 cm2 per cell). Comparison of half cell tests with strontium doped lanthanum 
ferrite (LSF)-YSZ and LSM-YSZ cathode layers indicated that at 700°C ASR for 
Nd2NiO4+δ is lower than that of the alternative perovskite cathodes, however these values 
do not reflect state-of-the-art ASRs for these perovskite materials. Chaveau et al. [129] 
have also performed fuel cell measurements with Nd2NiO4+δ cathodes and find that ASR 
values are slightly lower in electrolysis mode (i.e. reversed operation to SOFC, where 
Nd2NiO4+δ is anode side). Performance of Nd2NiO4+δ is compared with a commercial cell 
based on the same electrolyte and cathode, but with LSM as the anode. The authors find 
improved current densities for the nickelate anode and conclude that Nd2NiO4+δ can be 
considered as a good candidate for operating below 800°C as an oxygen electrode for high 
temperature steam electrolysis. 
The work carried out on Nd2NiO4+δ, certainly indicates promising performance, however 
to date all the studies appear to have been carried out on an YSZ electrolyte. For operation 
in the intermediate temperature range in SOFCs, it would be interesting to investigate the 
performance of this material on the electrolytes CGO, SDC and LSGM.  
2.6.5 Summary 
The electrode performance of LNO based cathodes has been discussed with emphasis on 
the comparison of ASR values. From a review of the literature, it appears that composite 
cathodes of LNO with SDC show significantly enhanced performance, however questions 
arise as to the reactivity of the composite components. This leads to questions about the 
reproducibility of the results and the potential for long term degradation. 
There also appears to be a significant gap in the literature relating to the performance of 
LNO with the common IT-SOFC electrolyte CGO. As part of the work for this thesis, 
detailed study of symmetrical cells composed of LNO on CGO has been performed. The 
reactivity of LNO with IT-SOFC electrolyte materials has been studied and attempts to 
correlate this to electrode performance have been made. In addition, consideration has 
been given to where the limitation in LNO cathode performance lies given the high oxygen 
ion diffusion and reasonable electronic conductivity reported elsewhere. 
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Chapter 3 - Experimental Methods 
The aim of this chapter is to provide detailed information on the specific sample 
preparation methods and experimental instruments which have been utilised as part of the 
work in this thesis. In addition, the aim is to provide an overview of the experimental 
techniques and an introduction to the theoretical background where necessary.  
3.1 Material Synthesis and Preparation 
3.1.1 La2NiO4+δ Synthesis 
Single phase lanthanum nickelate was obtained by two routes; the first involved direct 
synthesis of the powder in the laboratory and the second was by purchasing a commercial 
powder synthesised by spray pyrolysis from Cerpotech. The two synthesis routes are 
described below. 
La2NiO4+δ was synthesised using the modified Pechini nitrate-citrate route [131]. This 
method was chosen as it generally produces final powders with a smaller particle size than 
traditional dry solid state synthesis routes. 0.5 M solutions of lanthanum nitrate (La(NO3)3, 
99.99% Aldrich) and nickel nitrate (Ni(NO3)2, 99.95% Aldrich) were made from the 
appropriate amounts of the nitrate salts and distilled water. The solution molarities were 
verified using inductively coupled plasma atomic emission spectrometry (ICP-AES), 
described in Section 3.2.8.  
The solutions were mixed in the required ratios (La:Ni = 2:1) and stirred on a hot plate by 
a magnetic stirrer, with the temperature maintained at ~90°C. After a few minutes, citric 
acid (CA) was added in the molar ratio 1:3 rare earth cations to CA, and continuously 
stirred. After the CA had completely dissolved (several minutes), polyethylene glycol 
(PEG) was added in the molar ratio 1:1 PEG to CA. 
The solution was continuously stirred and the temperature maintained at ~90°C until a gel 
was formed. The gel was then decomposed by a two-step heating regime; it was heated to 
300°C (10°C/min) for 12 hours in a decomposition furnace, allowed to cool and 
subsequently heated to 600°C (10°C/min) for 12 hours. The resulting ‘char’ was ground in 
a pestle and mortar to obtain a dark grey powder. The powder was formed into pellets 
using an isostatic press (described in Section 3.1.2) and sintered at 1350°C (2.5°C/min) for 
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24 hours in static air. The pellets were ground by hand in a pestle and mortar and then 
ballmilled in ethanol for 24 hours, in the approximate volumes 1:2:2 for powder, ethanol 
and zirconia milling balls.  
In addition, LNO powder produced by spray pyrolysis was obtained commercially from 
Cerpotech. The spray pyrolysis process involves the decomposition of atomised metal salts 
by heat to form metal oxides. The atomisation of the initial salt solution results in 
homogeneous powders with uniform particle size. The powders generally require a final 
calcination step to obtain single phase materials, followed by ballmilling to obtain a small 
particle size. The powder obtained from Cerpotech was calcined at 1200°C (5°C/min) for 2 
hours and ballmilled in ethanol for 24 hours.  
The resultant powders were verified as single phase La2NiO4+δ by x-ray powder diffraction 
(XRD). 
3.1.2 Dense LNO Sample Preparation 
Dense pellets of LNO were obtained from the calcined spray pyrolysis powder. 
Approximately 1 gram of powder was used to form each dense pellet with a diameter of 
~13mm. LNO powder was weighed and green pellets formed by initially cold uniaxial 
pressing, followed by isostatic pressing to 300MPa for 1 minute. The green pellets were 
placed on a bed of LNO powder before sintering to prevent the loss of nickel in LNO by 
any reaction with the alumina crucible, and sintered at 1370°C (10°C/min) for 6 hours in 
static air. 
3.1.3 Electrolyte Sample Preparation 
Discs of the electrolytes CGO10 (Praxair), CGO20 (Praxair) and LSGM 8282 (Praxair) 
were formed by uniaxial and isostatic pressing, and sintering of commercial powders. 
Dense, single phase, 13 mm diameter pellets were obtained after sintering at 1400°C 
(5°C/min) for 5 hours in static air.  
3.1.4 Composite Sample Preparation 
Composites of LNO with CGO10 were prepared; the oxide powders were calcined at 
1400°C (10°C/min) for 5 hours prior to being made in to a composite. The required 
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amounts of each powder were weighed and mixed in a pestle and mortar with a small 
quantity of acetone. 
For in-situ synchrotron x-ray diffraction studies, composite powders of LNO and CGO10 
were ballmilled for 48 hours in ethanol with zirconia milling balls. 
For ex-situ synchrotron x-ray diffraction studies, composite pellets of LNO with CGO10 
were prepared by uniaxially pressing the composite powder and heating the sample to the 
temperature of interest. After calcining, the pellets were ground by hand in a pestle and 
mortar and then micromilled with an agate ball in ethanol for 24 hours. Synchrotron x-ray 
diffraction was performed on the resultant powders. 
3.2 Materials Characterisation 
3.2.1 Laboratory X-ray Diffraction (XRD) 
X-ray diffraction (XRD) is a method of studying the atomic and molecular structure and 
chemical composition of crystalline materials using x-rays. X-rays are directed at a 
surface, interact with electrons in an atom and diffract at different intensities dependent on 
the sample structure and composition. The principle of x-ray diffraction is based on 
Bragg’s Law, where diffraction is considered in terms of reflections from crystal planes. 
The principle is illustrated in Figure 3.1, which considers the path difference between the 
waves scattered by atoms from adjacent (hkl) lattice planes. 
 
Figure 3.1 : Schematic of reflected x-rays from adjacent (hkl) lattice planes 
From Figure 3.1 it can be seen that the path difference between the reflected beams can be 
expressed in terms of the distance between planes of atoms (dhkl) and the x-ray angle of 
incidence (θ), given in Equation 3.1. 
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( ) θsin2BCAB hkld=+  Equation 3.1 
For constructive interference, the path difference can be written as Equation 3.2. 
θλ sin2 hkldn =  Equation 3.2 
where n is an integer for the order of reflection (or diffraction) and λ is the wavelength of 
the incident x-rays. 
Information on the position of lattice planes can then be determined from the intensity and 
angle of the reflected x-rays. The resultant XRD pattern of a crystalline material can be 
analysed based on the peak positions (i.e. angles) which correspond to specific lattice 
spacings and the relative intensity of the peaks. 
3.2.1.1 Instrumentation 
In laboratory diffractometers, x-rays are generally generated by bombarding a metal target 
with high energy electrons. The electrons strike the metal target and have sufficient energy 
to knock the electrons of the metal atoms out of deep lying energy levels. This results in an 
electron from an outer energy level of the metal atom dropping a level to fill the vacant 
position and producing x-rays as a result. As the energy associated with this is unique to 
the metal target used, the wavelength of the resulting x-rays is also unique. 
The most common target used in laboratory x-ray diffractometers is copper, however, it 
generally undergoes multiple electronic transitions, generating x-rays of different 
wavelengths, known as Cu-Kα1, Cu-Kα2 and Cu-Kβ. As this would lead to diffraction 
patterns with peaks from multiple wavelength x-rays, a monochromator is used to filter out 
the Cu-Kβ wavelength. A monochromator is an oriented single crystal, which allows the 
diffraction of x-rays with the desired wavelength and transmission of all other x-rays. The 
wavelengths of Cu-Kα1 and Cu-Kα2 are so close that they cannot be easily filtered and at 
high angles of 2θ it is usual to see ‘split’ diffraction peaks, which are a result of diffraction 
from x-rays of both wavelengths.  
3.2.1.2 Structure Refinement from XRD Patterns 
Having performed XRD on a polycrystalline powder, a diffraction pattern, which is unique 
to the structure and composition of the powder, is generated. Analysis of the resulting 
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diffraction pattern can then be performed using various different tools, selected based on 
the information which is desired. 
Phase identification of known structures and compositions can be relatively easily 
determined using commercially available software, such as X’pert Highscore produced by 
Panalytical. A database of known diffraction patterns provided by the Joint Committee on 
Powder Diffraction Standards (JCPDS) is compared with an experimentally obtained 
pattern and from this the phase or phases identified. In addition, phase identification can be 
made by accessing reference XRD patterns from the Inorganic Crystal Structure Database 
(ICSD) provided by the Chemical Database Service (CDS). These methods generally 
enable confirmation of a single phase material to be made or the identification of any 
impurity phases if present. 
Detailed information on the crystal structure, including features such as lattice parameters, 
site occupancies and lattice positions can be determined by performing Rietveld 
refinement on an experimentally obtained diffraction pattern. The basis of Rietveld 
refinement is essentially a least squares fitting process to a known reference pattern, based 
on diffraction peak positions, intensities and shapes. This process is normally carried out 
with the aid of software, such as GSAS [132] and EXPGUI [133]. The measure of success 
of a Rietveld refinement to a characteristic diffraction pattern obtained experimentally is 
ascertained by consideration of several goodness-of-fit parameters, typically the 
unweighted R-factor (Rp), weighted profile R-factor (Rwp), expected R-factor (Rexp) and 
chi-squared, the ratio of Rwp to Rexp ((Rwp/ Rexp)2 = χ2) [132, 134]. The mathematical 
definitions of these parameters are given in Equation 3.3 to Equation 3.5. 
∑
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where w is the weighting. 
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where N and P are the number of profile points and refined parameters, respectively. These 
goodness-of-fit parameters provide an indicative measure of the Rietveld refinement fitting 
with values for Rwp and Rp of less than 10% and χ2 of approximately 1 generally being 
considered acceptable. A detailed overview and guide to Rietveld refinement can be found 
in [132, 134]. In addition, a simpler analysis can be performed on the diffraction pattern, 
using the same software, known as a Le Bail fitting which provides information on the 
lattice parameters only. 
3.2.1.3 Error Analysis 
The standard deviation (σ) is given in Equation 3.6 
( )∑
=
−=
N
i
i xxN 1
21σ  Equation 3.6 
where N is the number of data points of variable xi with a mean of x . For Rietveld 
refinements using GSAS σ is referred to as the estimated standard deviation (e.s.d.) and is 
a measure of the precision of the refined parameters and not their accuracy. The e.s.d. on a 
parameter refined using GSAS is based on the assumptions that each measured observation 
is independent (i.e. the measured intensity of point 1 is not affected by that of point 2) and 
that counting statistics are the only source of error. Any systematic experimental errors are 
not accounted for in the e.s.d. from the refinement. 
For the XRD data obtained for this thesis, it has been assumed that the results are normally 
distributed and errors have been calculated as ±2σ to be within a 95% error distribution. 
3.2.1.4 Experimental Conditions 
The experimental conditions pertaining to XRD experiments performed as part of the work 
for this thesis are described here. 
The phase purity of ceramic powders and pellets was verified by x-ray diffraction using a 
Philips PW 1700 series diffractometer (operated at 40kV and 40mA) using Cu-Kα 
radiation (λ = 1.5418   Å) and a graphite secondary crystal monochromator. Diffraction 
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patterns were obtained between 20 to 80 °2θ with a step size of 0.02 °2θ and a dwell time 
of 1 second between steps. 
In-situ high temperature XRD data were collected using a Panalytical X’Pert 
diffractometer with a Bühler HDK 2.4 temperature stage and a platinum heating strip. Cu-
Kα radiation (λ = 1.5418  Å) and a graphite  secondary crystal monochromator were used 
for scans of 10 to 60 °2θ with a step size of 0.04 °2θ, a dwell time of 10 seconds and a 
heating and cooling rate of 60°C/min. Diffraction patterns were collected at room 
temperature and then every 100°C between 600°C and 1000°C on heating; a dwell time of 
1 minute was given once the measurement temperature had been reached. 
All phases from XRD patterns were initially identified using the X’pert Highscore 
(Panalytical) and the database provided by JCPDS. All Rietveld refinements and Le Bail 
fittings were performed using GSAS [132] and EXPGUI [133]. 
3.2.2 Synchrotron X-Ray Powder Diffraction 
A synchrotron source produces light with a range of wavelengths, including the 
wavelength of x-rays, from high speed electrons. The electrons are generated and 
accelerated around a ‘storage ring’, which is surrounded by magnets that can control the 
path of the electrons and force them to emit electromagnetic radiation in the form of light. 
Specific wavelengths of light are directed to beamlines, where experimental 
instrumentation is arranged for performing experiments using light of a specific known 
wavelength. The x-rays produced at the beamline have the advantage of being of a very 
short single wavelength so there are no problems with peak splitting from multiple 
wavelengths which is observed with laboratory x-ray diffractometers. In addition, the 
intensity is very high so phases which are only present in small amounts can be more 
easily detected.  
The fundamental principles of synchrotron x-ray diffraction are based on Bragg’s law, 
described in Section 3.2.1, and diffraction patterns are generated which are composed of 
diffraction peaks that occur from constructive interference of x-rays with planes of atoms. 
The resulting diffraction patterns are unique to the material and crystallographic 
information can be extracted from analysis of the peak positions and relative intensity. 
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3.2.2.1 Instrumentation 
For the synchrotron studies performed for the work in this thesis a high resolution powder 
diffraction beamline was used, namely beamline I11 at Diamond Light Source in 
Oxfordshire, UK. This beamline provides high intensity, high resolution and time-resolved 
x-ray powder diffraction. The instrumental arrangement in the experimental hutch of 
beamline I11 is shown in Figure 3.2. 
 
Figure 3.2 : Instrumental arrangement of beamline I11 at Diamond Light Source (taken from [135]) 
A powder sample is held in a capillary, which is spun, as x-ray diffraction data is collected. 
There is an in-situ hot-air blower (Cyberstar) which can be used to control temperature up 
to a maximum of 950°C. 
3.2.2.2 Experimental Conditions 
All synchrotron x-ray diffraction patterns were obtained on beamline I11 at Diamond 
Light Source. Data were collected from 3 to 140 °2θ with a step size of 0.004 and a total 
scan time of 15 minutes. A heating and cooling ramp rate of 2°C/ minute was used for the 
hot air blower (Cyberstar) and a dwell time of 10 minutes was programmed on reaching 
temperature, prior to commencement of the diffraction measurement. The temperature 
regimes for each of the experiments performed are detailed at the beginning of Chapter 6. 
All Rietveld refinements and Le Bail fittings were performed using GSAS [132] and 
EXPGUI [133]. Note that the fractional occupancy of oxygen has not been refined as the 
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synchrotron technique is not sensitive to obtain diffraction from oxygen atoms. It has been 
assumed that the refinement results are normally distributed and errors have been 
calculated as ±2σ to be within a 95% error distribution. 
3.2.3 Scanning Electron Microscopy 
In a Scanning Electron Microscope (SEM) an electron beam is focussed on a sample 
surface and interacts with the surface to produce secondary electrons and backscattered 
electrons, allowing for visual examination of the topography of a surface or near surface 
structure. An SEM can operate in secondary electron imaging (SEI) mode or in 
backscattered electron imaging (BEI) mode. In SEI electrons can only be observed from 
the near-surface region of a conducting surface. For this reason, insulating samples are 
often coated in a thin layer of gold or carbon to allow them to be visible in an SEM. 
Electrons are produced from an electron gun, usually of the tungsten filament type and are 
accelerated to energies between 2 and 40keV. The beam goes through a series of 
condenser lenses prior to being incident on the specimen surface. A detector (scintillator) 
detects the low energy secondary electrons from each point on the sample surface, which 
then emits light and this data is used to produce an image of the sample surface. In BEI 
high energy electrons (>50eV) are produced as a result of elastic collisions with the sample 
atoms. This mode of operation allows for detection of different phases as the visible 
intensity (contrast) of the image is dependent on the atomic number of the elements 
present. 
3.2.3.1 Experimental Conditions 
All SEM images were obtained in SEI mode; two different instruments were used, a Jeol 
5610LV under high vacuum conditions and a FEI Phenom desktop SEM with chamber 
pressure of ~0.3 x 10-3 mbar. All samples were mounted on metallic SEM stubs using 
conductive carbon tape and the surfaces were sputtered with gold prior to imaging. 
3.2.4 Electron Back Scattered Diffraction (EBSD) 
Electron Back Scattered Diffraction (EBSD) is a tool for identifying the crystal orientation 
in crystalline or polycrystalline materials and can establish the presence of texture or 
preferred orientation. EBSD measurements are performed using an SEM, where an 
electron beam is incident on a tilted (70° from horizontal) sample surface. The incident 
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electrons interact with the crystal plane atoms of the sample and undergo diffraction 
according to Bragg’s Law (Equation 3.2). For each set of planes for which the Bragg 
condition is satisfied, the diffracted beams lie on the surface of a cone. Due to the angle of 
the specimen, the cones of backscatter diffracted electrons exit the sample and strike a 
phosphor screen, which fluoresces and creates an image that results in an electron back 
scattered pattern (EBSP). The EBSP is composed of distinctive Kikuchi bands, which are 
regions of enhanced electron intensity between the cones. The centre lines of the Kikuchi 
bands correspond to the projection of the diffracting planes on the phosphor screen and can 
therefore be indexed using miller indices. A schematic of the EBSD process is shown in 
Figure 3.3. 
 
Figure 3.3 : Schematic of EBSD process (modified from [136]) 
The obtained diffraction pattern can then be used to determine the crystal orientation and 
orientation maps can be produced correlating to the microstructure of the surface. 
3.2.4.1 Experimental Conditions 
For the work in this thesis, EBSD has been used to identify the orientation of grains in a 70 
μm x 100 μm region of polycrystalline LNO. This has then been correlated with mass 
transport measurements (described in Section 3.3) to investigate the diffusion and surface 
exchange properties in LNO with orientation. 
A dense (> 98% theoretical) LNO pellet was made by the method described in Section 
3.1.2. The LNO surface was polished to 0.25μm finish with diamond paste and then 
thermally etched by air quenching from 1470°C after 2 hours. Oxygen isotopic exchanges 
were performed as described in Section 3.3. After oxygen exchange, regions were marked 
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on the sample surface using a mask and gold sputter; on removing the mask, regions of the 
original surface were demarked by regions of gold. This was used to correlate a region 
where EBSD was performed to subsequent mass transport measurements in the same 
region. 
EBSD measurements were made using a LEO Gemini 1525 FEG-SEM (Field Emission 
Gun Scanning Electron Microscope) which is fitted with Oxford Instruments INCA energy 
dispersive x-ray spectrometer and EBSD detector. Pattern indexing and orientation maps 
were produced using the Tango, Mambo and Salsa software packages (Oxford 
Instruments). 
3.2.5 Thermal Analysis 
Thermogravimetric analysis (TGA) measures changes in mass as a function of temperature 
and/or time. The instrument is composed of a precision balance with the sample loaded 
into a platinum crucible, enclosed in a furnace with a thermocouple to measure the 
temperature. It is possible to flow different gases into the furnace chamber to alter the 
sample environment. Typical mass change processes include dehydration, oxidation, 
reduction and decomposition. 
The amount of heat required to maintain the temperature of a sample and inert reference at 
the same temperature as a function of temperature is measured using differential scanning 
calorimetry (DSC). For the work in this thesis a heat flux DSC instrument has been used. 
The instrument is composed of a platinum heat flux plate with the sample and reference 
loaded into adjacent platinum crucibles located on the plate and the whole arrangement is 
enclosed in a furnace with a thermocouple centred between the crucibles. Phase changes, 
glass transitions and decomposition processes are endothermic or exothermic events. As 
the crucibles are heated, any endothermic or exothermic processes occurring in the sample, 
result in a compensating heat flow either to or from the sample to maintain it at the same 
temperature as the reference. The extent of the compensating heat flow is measured using 
the thermocouple and in this way the heat associated with the endothermic and exothermic 
processes is recorded. 
3.2.5.1 Experimental Conditions 
All TGA and DSC measurements were carried out in a Netzsch STA 449C Jupiter 
combined TGA-DTA/DSC instrument in either flowing air or flowing nitrogen. In general, 
Chapter 3 – Experimental Methods 
84 
~40 mg of LNO was heated from 25°C to 1000°C at a heating and cooling rate of 
10°C/minute. The effects of the reference material on the DSC trace were investigated by 
using either alumina or leaving the reference crucible empty; no differences were observed 
and therefore the reference crucible was used empty for all the measurements reported in 
this thesis. Prior to undertaking measurements on LNO, the baseline for the DSC and TGA 
traces was established with an alumina sample. 
3.2.6 Iodometric Titrations 
Iodometric titration has been used to calculate the excess oxygen content (δ) in La2NiO4+δ. 
The technique is based on the fact that nickel exists as Ni2+ and Ni3+ and the assumption 
that in lanthanum nickelate oxygen interstitials are compensated for by formation of Ni3+ 
holes [78]. This can be expressed as La2Ni2+1-τNi3+τO4+δ where δ = τ/2 [60]. The basic 
principle of iodometric titration is to utilise excess iodine to reduce Ni3+ ions to Ni2+, the 
reaction is given by the following chemical equation; 
2Ni3+ + 2I- → 2Ni2+ + I2 
The liberated I2 is then titrated with sodium thiosulphate (Na2S2O3) according to the 
reaction; 
I2 + 2S2O32- → 2I- + S4O62- 
A 0.02N Na2S2O3 solution was made from the appropriate amount of the salt dissolved in 
distilled water. The solution was standardised by titrating it against potassium iodate 
(KIO3) dissolved in distilled water with potassium iodide (KI) and 1M sulphuric acid. The 
reaction occurred under a nitrogen atmosphere and starch solution was used as the 
indicator. The volume of Na2S2O3 required for the end point is recorded and the normality 
of the Na2S2O3 solution (N(Na2S2O3)) is calculated from the relationship 
N(Na2S2O3) = 6 x m(KIO3) / V(Na2S2O3) x FW(KIO3) 
Where m(KIO3) and FW(KIO3) are the mass and formula weight of potassium iodate and 
V(Na2S2O3) is the titrated volume of sodium thiosulphate. The standardised Na2S2O3 
solution was used as the titrating solution to determine the excess oxygen content of 
lanthanum nickelate.  
Approximately 0.1 g La2NiO4+δ and 1 g KI were dissolved in 4 ml of 4 M HCl in a 
nitrogen atmosphere. Upon complete dissolution, the solution was titrated with Na2S2O3. 
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As Na2S2O3 is added the solution turned from orange to clear; starch solution was added 
just before the end point, where the solution turns from dark purple to clear. The oxygen 
excess was calculated via the following steps 
i. Determine the number of moles of Na2S2O3 used 
ii. Determine the number of moles of Ni3+ per gram of La2NiO4+δ, using moles 
Na2S2O3 / mass La2NiO4+δ 
iii. Determine the Ni3+ content using 
FW(La2NiO4+δ) = (2xMW(La)) + MW(Ni3+) + MW(O + d) 
Where MW is the molecular weight and d = Ni3+ + 8 / 2. 
The titrations were repeated a minimum of three times and quoted standard deviations 
were calculated from Equation 3.6. 
3.2.7 Density Measurements 
Ceramic pellet density measurements were made using an Archimedes' Principle balance. 
Sample densities (ρb) were calculated from Equation 3.7. 
lb mm
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Equation 3.7 
Where m1 is the mass of dry specimen, m2 is apparent mass of immersed specimen, m3 is 
mass of soaked specimen and ρl is the density of liquid. In all cases samples were 
immersed in distilled water under vacuum for 1 hour prior to taking measurements m2 and 
m3, to ensure the open pore network was filled. 
The theoretical density was then calculated using lattice parameter data from the Chemical 
Database Service (CDS) Inorganic Crystal Structure Database (ICSD) and the sample 
density recorded as a percentage of the theoretical density. 
3.2.8 Inductively Coupled Plasma Atomic Emission Spectrometry 
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) is a method of 
identifying the levels of elements in the parts per million (ppm) to parts per billion (ppb) 
range. Samples to be tested must be a liquid, which requires solid samples to be dissolved 
in solutions. The process involves converting the liquid sample to an aerosol (in a process 
known as nebulisation), this is then volatised and the water driven off and the remaining 
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solid and liquid parts are converted to gases. The plasma (an electrically neutral, highly 
ionized gas that consists of ions, electrons, and atoms) is the atomisation and excitation 
source, whereby the sample gas bonds are broken, leaving only atoms which are then 
excited, gain energy from collisions and emit light of a characteristic wavelength. The light 
is then dispersed and quantitatively measured to confirm the elements present and identify 
the concentration. The error on all ICP-AES values quoted in this thesis is the calculated 
standard deviation. 
The ICP-AES measurements made for this thesis were performed by others; Dr Sarah 
James (Department of Mineralogy, Natural History Museum London) and Esther Valliant 
(Department of Materials, Imperial College London). Solid samples were dissolved in 
nitric acid prior to testing. 
3.3 Mass Transport Measurements 
An introduction to the theory of mass transport via oxygen diffusion and surface exchange 
has been presented in Chapter 1. An overview of the experimental technique of measuring 
oxygen tracer diffusion and surface exchange coefficients is given below, using oxygen 
isotopic exchange in conjunction with Secondary Ion Mass Spectrometry (SIMS). 
3.3.1 Oxygen Isotope Exchange 
The principle of oxygen isotopic exchange is to introduce oxygen-18 (18O2) into a dense 
sample that has been annealed in oxygen-16 (16O2) at controlled pressure and temperature. 
The overall aim is to combine this with SIMS to measure the penetration depth of 18O2- in 
the sample, thereby measuring the 18O2- content as a function of distance and allowing for 
calculation of the oxygen tracer diffusion and surface exchange coefficients, D* and k*, 
respectively. A schematic of the oxygen isotope exchange experimental arrangement is 
shown in Figure 3.4. 
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.  
Figure 3.4 : Schematic of experimental rig for oxygen isotope exchange (modified from [15]) 
A dense sample is placed in a quartz tube and evacuated to a pressure of 5 x 10-7 mbar. 
Research grade 16O2 (99.9995%) is introduced into the tube to a nominal pressure of 
200mbar and the tube furnace is rolled on to surround the quartz tube. The furnace is set to 
the required temperature and the sample is annealed in the 16O2 environment for at least 10 
times the 18O2 planned anneal time. After annealing in 16O2 the furnace is rolled off and the 
sample allowed to cool to room temperature. The quartz tube is once more evacuated to a 
pressure of 5 x 10-7 mbar and oxygen enriched with typically 20% 18O2 is introduced to a 
nominal pressure of 200 mbar and the furnace is rolled on to the quartz tube at the same set 
temperature. A data logger records the temperature of the thermocouple located adjacent to 
the sample and records the oxygen partial pressure inside the quartz tube as a function of 
time. Once the required time for the 18O2 anneal has been achieved the furnace is rolled 
off, allowing the sample to be air quenched. The 18O2 is recovered using liquid nitrogen 
and stored in the 18O2 reservoir, the pressure in the quartz tube is altered to 1000 mbar by 
introducing nitrogen into the system and the sample is removed. 
Prior to undertaking the oxygen exchange experiments, estimates as to the required 18O2 
anneal time (t) can be made from consideration of the oxygen tracer diffusion coefficient 
(D*, if known, or estimated from literature) and the desired diffusion length (LD), which 
can be expressed by Equation 3.8 [137]. 
tDLD *2=  Equation 3.8  
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After oxygen isotopic exchange, the samples were studied using SIMS; this technique is 
described in the next section. 
3.3.2 Secondary Ion Mass Spectrometry 
SIMS is a surface analysis technique whereby a highly collimated primary ion beam 
bombards a surface resulting in sputtering of secondary ions which are analysed in a mass 
spectrometer. Sputtering is the removal of material from the surface and results in a 
distinctive ‘crater’, whereby the sample surface has been modified. The primary ion beam 
usually has an energy in the range 2 to 15 keV and can be either reactive (such as oxygen 
or nitrogen) or inert (such as xenon or argon). For detection of the secondary ion species 
16O- and 18O- the sputtering is carried out under ultra high vacuum conditions to prevent 
the interference of atmospheric contaminants. A schematic of the SIMS process is shown 
in Figure 3.5. 
 
Figure 3.5 : Schematic of the SIMS process (modified from [138]) 
The primary ion beam strikes the sample surface and transfers energy to the sample ions 
via a series of collisions (shown as the collision cascade in Figure 3.5). Some of these 
collisions result in atoms being ejected from the sample surface and a selection of these 
ejected atoms are charged and are known as the secondary ions, which can be collected by 
a mass spectrometer. 
3.3.2.1 Instrumentation 
A schematic showing the general arrangement of a typical SIMS instrument kept under 
ultra high vacuum (UHV) is shown in Figure 3.6. 
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Figure 3.6 : Schematic of SIMS instrumentation (modified from [138]) 
A typical SIMS instrument is composed of an ion gun to produce primary ions, an 
extraction electrode to collect the charged secondary ions, a mass spectrometer to 
produced a mass-charge spectrum of secondary ions and a detector. In circumstances 
where non-conducting samples are being studied, an electron flood gun can be used to 
compensate for charge build up during ion bombardment. SIMS instruments can be 
categorised based on the type of mass spectrometer they use; quadrupole, double focussing 
magnetic and time of flight. SIMS operation modes can be further subdivided into 
dynamic and static where either a defined region of the sample surface is progressively 
eroded (dynamic) or the sample surface is bombarded with low energy primary ions 
resulting in secondary ions from areas which have not been irradiated (static). 
For the SIMS measurements carried out in this thesis, three different SIMS instruments 
have been used; a quadrupole Atomika 6500 SIMS (Perkin Elmer), a Time-of-Flight SIMS 
IV (IONTOF) and a quadrupole focussed ion beam (FIB200) SIMS (FEI). In all cases 
measurements were performed in dynamic SIMS mode; the different types of 
measurements made are described in Section 3.3.2.2. 
3.3.2.2 SIMS measurements 
For the work performed in this thesis, SIMS measurements have been made to determine 
D* and k* and to obtain surface images in terms of the ions present. The method used has 
been dependent on the instrument type; the three main methods employed are depth 
profiling, line scanning and surface imaging. These are discussed in turn below and the 
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instruments used for each these measurements is identified (i.e. Atomika 6500, FIB200 or 
ToF SIMS IV). 
Depth profiling involves the removal of surface material by sputtering a predefined area, 
which results in the formation of a crater. The intensity of secondary ions can be correlated 
to depth from the mass spectrum and measurement of the crater depth, assuming a constant 
sputter rate [137]. In this thesis this method has been used to determine the starting 
concentration of the linescan profile for polycrystalline LNO on the Atomika 6500; to 
determine diffusion profiles in individual grains of LNO using the FIB200 instrument and 
to determine cation and anion concentrations as a function of depth using the ToF SIMS 
IV. 
Oxygen tracer diffusion coefficients were calculated from linescan measurements using 
the Atomika 6500. The method involves directing the primary ion beam on the sample 
surface and sputtering a line across a sample cross section for a preset distance. In effect 
the line is composed of a series of adjacent shallow depth profiles and in this way a mass 
spectrum is acquired over the preset distance. The sample preparation and measurement 
orientation for linescanning is shown in Section 3.3.4.3. 
The surface imaging function of a ToF SIMS IV has been used to obtain D* and k* in bulk 
LNO by imaging of the oxygen isotopes over an area of cross-sectioned LNO. In addition, 
the ion imaging method has been used to obtain microstructural images of the surface 
LNO to obtain information on cation rich surfaces. 
3.3.2.3 Calculating Oxygen Isotopic Fractions 
From SIMS measurements the isotopic ratio of 18O2 to 16O2 is obtained as a function of 
depth. The yield of the oxygen-18 isotope from SIMS measurements is related to the 
diffusion properties of the material because its naturally occurring abundance is 
significantly lower than the enriched 18O2 gas that the sample is exposed to during the 
oxygen exchange experiment. The naturally occurring abundance of 16O2 is 99.759%, 17O2 
is 0.037% and 18O2 is 0.204% [137]. The level of oxygen-18 enrichment in the 18O2 anneal 
gas is found by oxidising silicon in the environment and determining the oxygen isotopic 
ratio from SIMS measurements. The background oxygen-18 intensity is determined by 
performing SIMS analysis on a dense, polished unexchanged sample of the same 
composition as the exchanged material. 
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The oxygen isotopic ratio is calculated from the intensity of the oxygen-18 and oxygen-16 
intensities, shown in Equation 3.9 
OO
O
O II
I
1816
18
18C +
=  Equation 3.9 
The normalised oxygen isotopic fraction is then calculated by taking in to account the 
oxygen-18 enrichment in the gas (Cg) and the background oxygen-18 intensity present in 
the environment (Cbg) from Equation 3.10. 
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Errors on the measured oxygen-16 and oxygen-18 intensities have been considered using 
counting statistics, where the relative error of each measured intensity is calculated from 
√N/N, where N is the total number of counts. The total error for the calculated oxygen 
isotopic ratio is given in Equation 3.11. 
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The oxygen tracer diffusion coefficient was calculated using Fick’s second law of 
diffusion, which is described in Section 3.3.3.  
3.3.3 Calculating D* and k* 
The oxygen tracer diffusion (D*) and surface exchange (k*) coefficients were determined 
by non-linear least squares regression based on fitting of the diffusion profiles to the 
equation for a semi-infinite medium which is the solution of Fick’s second law, given in 
Equation 3.12. 














+×





+−





=
−
−
=
*
*
*2*
*
*
*exp
*2
),(
),('
2
D
tk
tD
xerfc
D
tk
D
xk
tD
xerfc
CC
CtxC
txC
bgg
bg
 
Equation 3.12 
where C'(x,t) is the isotopic fraction of 18O2 at depth x normalised to the gas concentration, 
C(x,t) is the experimentally determined isotopic fraction of 18O2 at depth x, Cbg is the 
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natural isotopic background level of 18O2, Cg is the isotopic fraction of 18O2 in the enriched 
gas phase and t is time of anneal. 
This solution is applicable where the following conditions are met; 
i. The sample can be described as a semi-infinite medium, i.e. the sample size is 
considerably greater than the diffusion length. 
ii. The oxygen-18 concentration is constant throughout the isotopic exchange 
experiment. 
iii. The rate of exchange across the gas/solid interface is proportional to the difference 
between the oxygen-18 concentration in the gas (Cg) and the concentration at the 
surface. 
Errors on the calculated D* values given in this thesis are calculated based on 10% 
accuracy, which has been determined by De Souza [137] when the SIMS beam diameter is 
less than 10 times the diffusion length. Errors on the calculated k* values have been 
determined from the counting statistics described in Section 3.3.2.2. 
3.3.4 Experimental Conditions 
3.3.4.1 Isotopic Exchange Sample Preparation 
Oxygen isotopic exchange was performed on LNO samples with a relative density of 
>98% of the theoretical density. To assist with the surface exchange and to ensure that 
surface properties do not limit the diffusion, LNO is polished to a ‘mirror finish’. This is 
achieved by systematic polishing with successive grades of diamond spray up to a finish of 
0.25 μm diamond spray. 
3.3.4.2 Isotopic Exchange Conditions 
The polished sample is placed in a quartz tube and annealed in research grade 16O2 
(99.9995%) for at least ten times the exchange time to ensure equilibrium was achieved. 
18O2 is then introduced in to the system and the exchange time, pressure and temperature 
are recorded. The exchange temperature and anneal time for the experiments in this thesis 
are outlined in Table 3.1; a nominal pressure of 200 mbar was used for all exchanges. 
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Table 3.1 : Oxygen isotopic exchange conditions 
Anneal temperature 
(°C) 
O18 Anneal time 
(min) 
700 40 
600 92 
543 89 
493 120 
446 116 
422 167 
399 224 
373 240 
349 245 
 
At the end of the oxygen exchange LNO samples were air quenched. After removing the 
sample from the exchange tube the pellet was sectioned using a diamond bladed saw and 
one half of the pellet was prepared for SIMS analysis whilst the other half of the sample 
was hand ground in a pestle and mortar and used for iodometric titration measurements. 
The SIMS technique was then used to identify the extent of oxygen isotope exchange 
using the Atomika 6500 and ToF-SIMS IV. 
In addition, oxygen isotopic exchanges were performed on thermally etched LNO prior to 
performing EBSD experiments. The details of the exchange conditions are given in 
Section 4.3.2 of Chapter 4; FIB200 SIMS was used for depth profile measurements. 
3.3.4.3 SIMS Sample Preparation 
The exchanged LNO samples were sectioned, the cross sectioned face polished to a finish 
of 0.25 μm with diamond spray and SIMS performed on the cross-sectioned face; a 
schematic of the sample preparation is shown in Figure 3.7. 
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Figure 3.7 : Schematic of sample preparation for SIMS linescanning technique (modified from [15]) 
Linescan measurements (Atomika 6500) and surface imaging (ToF SIMS IV) were made 
on the polished cross-sectioned face of the exchanged samples to obtain the isotopic 
concentration as a function of depth.  
For depth profiling the original polished face of the LNO sample was studied, therefore no 
additional sample preparation was required other than mounting in the appropriate sample 
holder.  
3.3.4.4 SIMS Conditions 
A Zygo OMP-0407C microscope based white light interferometer was used for all crater 
depth measurements. SIMS measurements were made on three different instruments, a 
quadrupole Atomika 6500 SIMS (Atomika), a Time-of-Flight SIMS IV (IONTOF) and a 
focussed ion beam (FIB200) SIMS (FEI).  
SIMS measurements were performed using the Atomika 6500 with an argon primary ion 
beam (Ar+) with an energy of 5 keV. All depth profiles were performed over a minimum 
area of 100 μm2. Prior to performing depth profile and line scan measurements all areas 
were sputter cleaned. 
FIB200 SIMS measurements were obtained with a gallium primary ion beam (Ga+) using a 
beam voltage of approximately 12 keV and beam current of approximately 500 pA. 
The primary ion beam of the ToF SIMS IV used was gallium (Ga+) with an energy of 25 
keV. Prior to performing imaging all areas were sputter cleaned using a 2 keV caesium ion 
beam. 
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3.4 Electrochemical Characterisation 
3.4.1 Cathode Inks and Deposition 
Dense pellet (> 98% theoretical density) electrolytes were prepared according to the 
description given in Section 3.1.3. The electrolyte surface was polished with 800 grit SiC 
paper to obtain a flat surface prior to screen printing with LNO ink. 
Inks were prepared from LNO powder and an organic ink vehicle; two different vehicles 
were used, from Gwent Electronic Materials and Fuel Cell Materials. The inks were 
composed of 67 wt% powder, initial mixing of the powder and vehicle was with a mortar 
and pestle, followed by triple roll milling. Details on the powders used in the ink 
compositions are given in Chapter 7. 
Electrode inks were deposited on the electrolytes by screen printing using a DEK 1202 
screenprinter. The first ink deposition was allowed to dry at 100°C for 1 hour before being 
deposited on the reverse side of the electrolyte to form a symmetrical cell. Adherence of 
the ink to the electrolyte surface was achieved after calcining the symmetrical cell at 
1100ºC (2.5°C/min) for 2 hours in air. Where platinum paint was used as an additional 
current collection layer for the symmetrical cells or alone as an electrode, it was painted on 
the surfaces and calcined at 800°C (10°C/min) for 1 hour in air. Thin compact layers of 
LNO were deposited using a dipcoating technique by Mathilde Rieu at CIRIMAT 
(University of Toulouse). 
3.4.2 Electrochemical Impedance Spectroscopy 
AC impedance was used to evaluate the electrochemical behaviour of the electrolytes and 
electrodes. An overview of this complex technique is given below, however a more 
detailed discussion on the principles and applications of AC impedance can be found here 
[139]. 
The impedance, Z, is a complex quantity and the general term for the ratio of voltage (V) 
to current (I), giving the Ohm’s law-like relationship shown in Equation 3.13. 
 Equation 3.13 
where j = √-1 and ω represents the applied frequency. 
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Impedance is measured by applying a potential and measuring the current and phase shift 
(θ) over a range of frequencies.  
The most common type of impedance measurements are made by applying a single 
frequency voltage to the electrolyte/electrode interface and measuring the phase shift and 
amplitude (or real and imaginary parts) of the resulting current at that frequency. The 
applied potential is a sinusoidal signal v(t) = Vmsin(ωt), involving the single frequency v ≡ 
ω/2π, applied to a cell and the resulting steady state current i(t) = Imsin(ωt + θ) is 
measured. 
The impedance is composed of real (Z`) and imaginary (Z``) terms, which can be 
expressed as a function of the phase shift, shown in Equation 3.14 and Equation 3.15. 
 Equation 3.14 
 Equation 3.15 
These two components can be plotted on a Nyquist plot, with a real (Z`) x-axis and 
imaginary (- Z``) y-axis. This plot displays characteristic arcs for a circuit with a response 
which can be described by a resistor (R) and capacitor (C) in parallel and these arcs can be 
represented using an equivalent circuit. The Nyquist plot for a solid state electrolyte with 
bulk and grain boundary (gb) components and conducting electrodes is shown 
schematically in Figure 3.8, with the corresponding equivalent circuit. 
Where the impedance arcs are depressed, a constant phase element (CPE) can be used 
instead of a capacitor, in the equivalent circuit model. The capacitance of a CPE is related 
to the arc depression angle and is expressed in Equation 3.16. 
( )nn QRC
1
1 .−=  
Equation 3.16 
where R is the element resistance, Q is the pseudo-capacitance and n is an additional 
parameter related to the arc depression angle; if n = 1 the element behaves as a pure 
capacitor and the arc is a perfect semi-circle, if n = 0.5 a characteristic 45° line is produced 
on the complex-plane plot, which is associated with Warburg diffusion. Assignment of the 
impedance arcs to the appropriate cell process can be made by considering various features 
of the impedance response. 
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Figure 3.8 : Nyquist plot for a solid state electrolyte with conducting electrodes and the representative 
equivalent circuit 
Irvine et al. [140] detail typical capacitance values associated with possible phenomena, 
which provides a guide to assigning each contribution. In addition, the relaxation 
frequency (fr) of each contribution from the cells can be plotted as a function of 
temperature and used as a reference to assign the components to the most appropriate cell 
process [141]. The relaxation frequency is the apex of the impedance arc where ωRC = 1 
and ω = 2 π fr. This can be calculated from an equivalent circuit with a calculated 
resistance (R), pseudo-capacitance (Q) and parameter n related to the arc depression angle 
by Equation 3.17. 
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Equation 3.17 
Once the electrochemical processes have been identified and assigned in an equivalent 
circuit, the bulk and grain boundary conductivity (σ) of the electrolyte can be calculated 
from the sample dimensions, length (l) and surface area (A), given in Equation 3.18. The 
area specific resistance (ASR) of the electrode can be calculated by normalising the total 
polarisation resistance (Rp) for the cathode surface area (SA) and dividing by 2 to take 
account of the cell symmetry, shown in Equation 3.19. 
 Equation 3.18 
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The experimental arrangement and instrumentation required for making practical AC 
impedance measurements is described in the following section. 
3.4.2.1 Instrumentation 
AC impedance measurements were made using a frequency response analyser (FRA). A 
schematic of the sample holder is shown in Figure 3.9. 
 
Figure 3.9 : Schematic of sample holder for AC impedance measurements 
Electrical measurements are made via the platinum wires. The specific conditions of the 
measurements are described below. 
3.4.2.2 Experimental Conditions 
Impedance spectra were recorded over a frequency range of 13MHz – 0.01 Hz using a 
Solartron 1260 FRA, over the temperature range 300 – 800°C in static air, flowing argon 
and flowing oxygen. Measurements were made using ZPlot v.3.1 (Scribner Associates), 
with a modulation potential of 50 mV. Where applicable, the oxygen partial pressure in the 
impedance rig was determined with a Systech Instruments ZR893 Oxygen Analyser. The 
sample holder described in Section 3.4.2.1 was used, with platinum mesh as a current 
collector. 
All equivalent circuit modelling was performed using ZView v.3.1 (Scribner Associates). 
Error values are automatically generated from the equivalent circuit fitting and are 
calculated in the ZView software by testing several solutions near the best fit value, to 
determine the range of solutions that result in a very similar goodness of fit. This range of 
solutions is represented as ‘± error’ on the fitted capacitance and resistance values given in 
Chapter 7. 
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Chapter 4 - Structure and Stability of 
LNO 
4.1 Introduction 
LNO has been the subject of many investigations of its structure, with particular interest in 
the position and nature of the interstitial oxygen species [57-59, 80, 82, 86-88]. Due to the 
variable oxygen stoichiometry of LNO, numerous structures have been reported and 
therefore, initially, the room temperature structure and stoichiometry of the LNO powders 
used in this work were studied. In-situ high temperature XRD was performed to confirm 
the LNO structure on heating and the effect of platinum on LNO phase stability has been 
observed. A high resolution synchrotron x-ray diffraction study of the low temperature 
(200°C to 450°C) phases was performed in conjunction with thermogravimetric analysis 
and differential scanning calorimetry (TGA/DSC) experiments. 
All Rietveld refinements and Le Bail fittings have been performed using the GSAS [132] 
and EXPGUI [133] software packages. The goodness-of-fit between experimental data and 
calculated data is measured using the parameters χ2, Rwp and Rp as defined in Chapter 3. 
4.2 Characterisation of LNO Powders 
4.2.1 Microstructure, XRD and Cation Stoichiometry 
LNO was synthesised via two different routes; using the Pechini method and by spray 
pyrolysis (supplied by Cerpotech); for details of the synthesis techniques refer to Chapter 
3. SEM images of the two powders after ballmilling are shown in Figure 4.1. 
From Figure 4.1(a), it is apparent that the particle size of the powder synthesised by the 
Pechini method has an irregular particle shape with a broad particle size range which 
varies from 1 to 15 μm. This is due to the high sintering temperature and time (1350°C for 
24 hours), which results in a powder with large grains. Ballmilling breaks down the 
sintered particles; however the resultant particle shape is irregular as a result of this. In 
contrast, the powder synthesised by spray pyrolysis has a uniform particle shape and size, 
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which ranges from approximately 0.5 to 1μm, having been calcined at a lower temperature 
for much shorter time (1200°C for 2 hours). The effects of powder morphology and grain 
size on cathode performance are discussed in more detail in Chapter 7.  
  
(a) (b) 
Figure 4.1 : LNO powders after ballmilling for 24 hours in ethanol (a) synthesised via the Pechini method 
and sintered at 1350°C for 24 hours and (b) synthesised by spray pyrolysis and sintered at 1200°C for 2 
hours  
XRD patterns of the synthesised powders are shown in Figure 4.2; the intensity has been 
normalised to the most intense peak in both patterns and the pattern labelled (b) is offset 
on the y-axis to allow for comparison. Both synthesis routes produce powder that is single 
phase. Attempts to obtain single phase LNO via the Pechini method by calcining at lower 
temperatures were unsuccessful with the impurity lanthanum oxide, La2O3, identified. 
20 30 40 50 60 70 80
0
20
40
60
80
100
120
140
160
180
200
Re
la
tiv
e 
In
te
ns
ity
 (a
rb
. u
ni
ts
)
Degrees 2θ (o)
 Pechini Method
 Spray Pyrolysis Method
 
Figure 4.2 : Normalised x-ray powder diffraction patterns under ambient conditions for LNO synthesised (a) 
via the Pechini method and (b) by spray pyrolysis 
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Le Bail fitting was performed on the XRD patterns to determine the lattice parameters in 
the orthorhombic Fmmm space group reported at room temperature by Skinner [86]; the 
obtained values are given in Table 4.1. The backgrounds were fitted using a Shifted 
Chebyschev function with six terms, in both cases.  
Table 4.1 : Lattice parameters determined by Le Bail fitting for LNO synthesised via the Pechini method and 
by spray pyrolysis 
Synthesis 
method 
‘a’ Lattice 
Parameter (Å) 
‘b’ Lattice 
Parameter (Å) 
‘c’ Lattice 
Parameter (Å) 
Pechini method 5.4593(8) 5.4631(8) 12.677(5) 
Spray pyrolysis 5.46110(4) 5.46652(4) 12.6823(8) 
 
From Table 4.1 it can be seen that the lattice parameters for LNO synthesised by spray 
pyrolysis are slightly greater than those for LNO synthesised via the Pechini method. The 
cation La:Ni ratio was verified by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES); the results are presented in Table 4.2, alongside the oxygen 
stoichiometry calculated from iodometric titrations.  
Table 4.2 : Cation ratio (from ICP-AES) and room temperature oxygen stoichiometry (from iodometric 
titration) for LNO synthesised by the Pechini method and by spray pyrolysis 
Sample La: Ni ratio Oxygen stoichiometry, 
4+δ 
Pechini Method 2.000 (± 0.007) : 0.927 (± 0.002) 4.061 ± 0.002 
Spray Pyrolysis 2.000 (± 0.012) : 1.005 (± 0.002) 4.148 ± 0.002 
 
From the cation ratio determined by ICP-AES it is clear that the LNO powder synthesised 
by the Pechini method is nickel deficient. The smaller unit cell observed for LNO 
synthesised by the Pechini method is likely to be due to this nickel deficiency. From Table 
4.2 it can be seen that the oxygen stoichiometry of nickel deficient LNO is significantly 
lower, as expected. In an effort to understand the behaviour of oxygen stoichiometry with 
temperature, TGA/DSC was performed on both powders, in flowing air with a heating and 
cooling rate of 5°C/ min.  
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4.2.2 Thermal Analysis (TGA/DSC) 
The TGA/DSC traces for heating of nickel deficient LNO are shown in Figure 4.3; a close 
up of the region below 450°C is shown in Figure 4.3(b). From Figure 4.3(a), it can be seen 
that nickel deficient LNO display changes in mass on heating that are identifiable as four 
different regimes (labelled R1 to R4 on Figure 4.3(a)). The changes in mass are associated 
with changes in the oxygen stoichiometry. Table 4.3 gives the calculated oxygen 
stoichiometry from TGA; the room temperature value of δ is from iodometric titration (in 
Table 4.2). 
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Figure 4.3 : TGA (black line) and DSC (blue line) traces for (a) nickel-deficient LNO heated in flowing air 
and (b) close up of the region below 450°C 
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Table 4.3 : TGA regimes and changes in oxygen stoichiometry for La2Ni0.92O4.061 synthesised by the Pechini 
method 
Temperature Range (°C) Oxygen stoichiometry, 4+δ 
RT to 210 4.061 to 4.035 
210 to 320 4.035 to 3.976 
320 to 367 3.976 to 3.984 
367 to 1200 3.984 to 3.901 
 
On heating up to 210°C, LNO undergoes reduction, with a slight decrease in mass (Δδ = 
0.026). Between 210°C and 320°C, there is a more dramatic change in mass (Δδ = 0.059). 
The DSC trace indicates an exothermic peak at 210°C (circled on Figure 4.3), which 
correlates to the significant mass loss in LNO. This indicates that the oxygen stoichiometry 
is associated with a phase transition. Interestingly the change in oxygen stoichiometry 
between 320°C and 367°C corresponds to an increase in mass, suggesting that over this 
limited temperature range LNO undergoes an oxidation process. Continued heating at 
temperatures above 367°C leads to a steady decrease in mass and is associated with 
reduction of LNO.  
La2NiO4.148 synthesised by spray pyrolysis with a cation ratio of 2:1 La:Ni was 
investigated by TGA/DSC; the results from two heating cycles are shown in Figure 4.4; 
note that the powder was cooled and remained in the instrument between heating cycles.  
The DSC trace on heating cycle 1 shows a small exothermic peak at 220°C (circled on 
Figure 4.4(a)) and a shallow, broad endothermic step between 300°C and 370°C. From 
TGA, there mass changes correspond to a series of reduction, oxidation and reduction 
processes on heating that are identifiable as four separate regimes (labelled R1 to R4 on 
Figure 4.4(a)). Table 4.4 gives the calculated oxygen stoichiometry from TGA; the room 
temperature value of δ is from iodometric titration (in Table 4.2). 
The observations from heating of cycle 1 can be described as reduction of LNO from room 
temperature to 320°C followed by oxidation of LNO from 320°C to 370°C and then 
continued reduction up to 1200°C. Again the dramatic change in oxygen stoichiometry at 
~220°C is associated with a phase transition, represented by a small exothermic DSC peak.  
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Figure 4.4 : TGA (black line) and DSC (blue line) traces of LNO synthesised by the spray pyrolysis method 
heated in flowing air (a) cycle 1 and (b) cycle 2 
Table 4.4 : TGA regimes and changes in oxygen stoichiometry for La2NiO4.148 on heating cycle 1 
Temperature Range (°C) Oxygen stoichiometry, 4+δ 
RT to 220 4.148 to 4.090 
220 to 320 4.090 to 4.018 
320 to 370 4.018 to 4.022 
370 to 1200 4.022 to 3.908 
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Chapter 4 – Structure and Stability of LNO 
105 
The TGA/DSC trace from heating on a second cycle (Figure 4.4(b)) differs greatly from 
cycle 1. A slight increase in mass is observed on heating from room temperature to 200°C, 
the mass remains constant between 200°C and 380°C followed by a gradual loss in mass 
above 380°C as LNO reduces on heating. There are no peaks on the DSC trace, indicating 
that the phase change observed on initial heating is not present and is irreversible. The 
reduction/oxidation/reduction sequence is observed only on the first heating cycle and not 
on subsequent heating cycles confirming that the dramatic changes in oxygen 
stoichiometry are associated with irreversible phase changes. It is interesting to note that at 
~380°C in both heating cycles, a significant change in oxygen stoichiometry occurs, 
suggesting that this is a significant temperature for changes to LNO structure and oxygen 
content.  
In a previous study, Boehm et el. [60] reported the changes in oxygen stoichiometry in 
LNO by TGA measurements in air at atmospheric pressure and observed that between 
25°C and 400°C there was a slight increase in oxygen non-stoichiometry, from δ = 0.16 to 
δ = 0.17, followed by a linear decrease up to 1000°C to δ = 0.11. This is in agreement with 
the observations made on cycle 2 and the authors comment that the samples were 
thermally cycled in the instrument prior to commencing the measurement. It is therefore 
likely that the reduction/oxidation/reduction effect observed on the first cycle here was not 
recorded by Boehm et el. [60]. 
From thermal analysis (TGA/DSC) of nickel deficient and cation stoichiometric LNO 
powders it can be seen that LNO undergoes initial reduction on heating to approximately 
210°C, where upon a phase transition occurs associated with rapid loss of oxygen. 
Continued heating indicates that between 320°C to ~370°C, LNO undergoes an oxidation 
process, which coincides with a broad endothermic DSC step. Above ~370°C reduction of 
LNO occurs, resulting in an oxygen stoichiometry of ~3.9 at 1200°C. 
In Chapter 7, symmetrical cell testing of LNO inks is described; LNO synthesised by the 
Pechini method was used for InkI1 and Ink I2 and LNO synthesised by spray pyrolysis 
was used for Ink I3. The remaining discussion in the chapter focuses on characterisation of 
the spray pyrolysis powder with a stoichiometric cation ratio. In-situ high temperature 
XRD (HT-XRD) was carried out with the aim of identifying any phase changes associated 
with the DSC peak and changes in oxygen stoichiometry observed by TGA. 
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4.2.3 In-situ High Temperature Powder X-ray Diffraction Study 
In-situ high temperature XRD was carried out with the aim of confirming the LNO 
structure. Previous HT-XRD experiments have shown that diffraction peaks occur due to 
the diffractometer heating strip and substrate, therefore prior to undertaking HT-XRD of 
LNO, the substrate was run without a sample. A database provided by the International 
Centre for Diffraction Data (ICDD) was used to identify the phases which most closely 
matched the diffraction pattern from the substrate and heating strip; these were pure 
platinum (powder diffraction file (PDF) number 00-004-0802) and a platinum-rhodium 
alloy (PDF number 00-027-0504), respectively. XRD of the heating strip also indicated the 
presence of small impurity peaks at approximately 27 and 28°2θ; these have been labelled 
on all subsequent figures as belonging to the substrate. The diffraction pattern from the 
heating strip and substrate indicates a large degree of orientation in the metals, which is 
attributed to the recrystallisation process during cyclical heating of the diffractometer. The 
room temperature diffraction pattern of the substrate and heating strip was refined (using 
Rietveld refinement) and was used in the subsequent refinements of LNO. 
The aim of the HT-XRD study was to identify any structural changes in LNO that may be 
associated with the DSC peaks and changes in mass observed between 200°C and 400°C. 
There were no visible changes in the XRD patterns from room temperature to 400°C, 
suggesting that the phase change observed by DSC results in very subtle changes to 
diffraction peak positions and intensities, which are beyond the detectable resolution limits 
of the laboratory x-ray diffractometer. After performing in-situ HT-XRD on La2NiO4.148, 
no changes in the structure were detected from the powder diffraction patterns in this 
relatively low temperature range. However, on heating above these temperatures LNO 
appeared to undergo a phase change and this is discussed below. The HT-XRD patterns up 
to 1000°C are shown in Figure 4.5. 
From Figure 4.5 it is clear that a new peak is visible above 800°C between the two major 
LNO peaks at ~32°2θ, which belongs to a new phase. The growth of this new phase is not 
reversible as it is still visible after cooling (seen on the XRD pattern for ‘35°C cool’). This 
is surprising as the TGA/DSC traces did not indicate any phase changes above 
approximately 400°C and although the TGA/DSC was performed in flowing air and the 
HT-XRD in static air, there are no literature reports of phase instability below 1200°C 
[93].  
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Figure 4.5 : HT-XRD patterns of LNO synthesised by spray pyrolysis, diffraction peaks from the substrate 
are indicated by the symbol *, secondary phase is indicated on the 35°C cool pattern by    , all other peaks are 
attributed to LNO 
Ambient temperature XRD of LNO was performed after a TGA/DSC heating cycle to 
1000°C in flowing air. The resultant XRD patterns from 27 to 34°2θ before and after 
thermal analysis are shown in Figure 4.6. 
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Figure 4.6 : XRD patterns of LNO before and after thermal analysis (a single heating cycle to 1000°C), 
impurity peaks are marked with an arrow 
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Small impurity peaks (indicated by arrows on Figure 4.6) can be seen on the XRD pattern 
obtained after thermal analysis of LNO. These impurity peaks correlate to the 2θ positions 
of the reaction phase observed by HT-XRD above 800°C, suggesting that the new phase 
was a result of a factor common to the HT-XRD and TGA/DSC experiment. Consideration 
of the experimental arrangements highlighted that both use a platinum substrate, which is 
necessary for the high temperatures achieved by the instruments. Platinum is a known 
catalyst for redox reactions [142], therefore to establish whether the phase changes 
observed in LNO were due to the presence of platinum, an alumina barrier layer was 
placed between the LNO and Pt and the same HT-XRD programme was performed. The 
HT-XRD patterns with and without the alumina barrier layer at 900°C are shown in Figure 
4.7, note that the platinum peaks that are visible on the sample with the alumina barrier 
layer are from the platinum heating strip and LNO was not in contact with the metal. 
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Figure 4.7 : HT-XRD patterns of LNO synthesised by spray pyrolysis, platinum peaks from the substrate are 
indicated by the symbol *, alumina peaks from the barrier layer are indicated by    , secondary phase is 
indicated by     , all other peaks are attributed to LNO 
It is apparent that with an alumina barrier layer between LNO and Pt the secondary phase 
peaks are no longer visible. This indicates that LNO undergoes some form of redox 
reaction when in contact with platinum. This is a significant observation as platinum is 
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commonly used in SOFC testing, for example as current collectors in AC impedance 
testing. However, from Figure 4.5, the reaction does not appear to occur at 700°C and 
below and therefore LNO can still be considered appropriate for use as an intermediate 
temperature SOFC cathode. As platinum appears to be acting as a catalyst and is not 
directly involved in the reaction, then the likely reaction phases are the higher order 
Ruddlesden-Popper (RP) phases La3Ni2O7-δ (known as the 3-2-7 phase) and/or La4Ni3O10-δ 
(known as the 4-3-10 phase) formed by oxidation of LNO with lanthanum oxide and 
oxygen gas as by-products. The extent of Ni3+ present in the phase increases according to 
the following order La(3+)2Ni(2.3+)O(2-)4.15 < La(3+)3Ni(2.45+)2O(2-)6.95 < La(3+)4Ni(2.47+)3O(2-)9.78, 
confirming that the reaction proceeds by oxidation of La2NiO4.15; the possible reactions are 
outlined below; 
4 La2NiO4.15 + ½ O2 → 2 La3Ni2O6.95 + La2O3 + 0.35 O2 
3 La2NiO4.15 + ½ O2 → La4Ni3O9.78 + La2O3 + 0.335 O2 
7 La2NiO4.15 + O2 → 2 La3Ni2O6.95 + La4Ni3O9.78 + 2 La2O3 + 0.685 O2 
The oxygen content for the higher order RP phases is taken from the values reported by 
Amow et al. [53].  
In an effort to identify the reaction products from the oxidation of LNO catalysed by 
platinum, Rietveld refinement on the XRD pattern obtained at 1000°C was performed. The 
La2NiO4+δ phase was refined to a tetragonal I4/mmm spacegroup based on the high 
temperature tetragonal phase observed by neutron diffraction [86] and various higher order 
Ruddlesden-Popper phases were fitted to determine the most likely reaction phases. 
Attempts were made to fit the diffraction pattern with the perovskite LaNiO3-δ as a reaction 
product, however, there were clearly peaks that did not fit the observed data. The 
lanthanum oxide phase La2O3, was excluded from the refinements as its major peak at 
approximately 30 °2θ was not visible. Platinum peaks from the substrate and heating strip 
were also visible in the diffraction pattern and were therefore included in the refinement. 
The observed (symbols) and calculated (line) diffraction patterns with difference plot and 
the phase markers are shown on Figure 4.8. 
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Figure 4.8 : The observed (symbols) and calculated (line) diffraction patterns with difference plot and the 
phase markers for Rietveld refinement of oxidised La2NiO4+δ at 1000°C 
The lowest fitting parameters were obtained for a three phase refinement of La2NiO4+δ 
(I4/mmm), La3Ni2O7-δ (Fmmm) and La4Ni3O10-δ (Fmmm), with χ2 = 36.61, Rwp = 25.47% 
and Rp = 18.36%. The goodness-of-fit values are relatively high suggesting a poor fit. 
From the difference plot in Figure 4.8 it can be seen that the intensity of the platinum 
peaks at 40°2θ and 46°2θ is a poor fit, due to the strong degree of orientation in the 
substrate and heating strip, which will contribute to large χ2, Rwp and Rp values. In addition 
the diffraction patterns collected using the HT-XRD instrument have a relatively large step 
size (0.04 °2θ) and a short dwell time (10 seconds) so that the sample and instrument are 
not exposed to high temperatures for long periods of time, meaning that the data quality is 
not optimised. The diffraction pattern obtained here is further complicated by numerous 
overlapping peaks that cannot be resolved by the HT-XRD instrument and are visible as 
broad peaks. All of these factors will contribute to the large χ2, Rwp and Rp values obtained 
by Rietveld refinement. 
There is a reasonable fit for the lanthanum nickelate-based phases, with the refined phase 
fractions being 59% La2NiO4+δ, 29% La3Ni2O7-δ and 12% La4Ni3O10-δ, indicating that the 
reaction does not proceed fully as La2NiO4+δ is present in the reaction products. It is likely 
that the oxidation process of LNO catalysed by platinum is complicated, with the 
possibility that more than two reaction products are formed. From the Rietveld refinements 
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performed here it is apparent that the reaction phases consist of at least the 3-2-7 and 4-3-
10 higher order Ruddlesden-Popper phases. 
Composites of LNO with CGO10 have been investigated as part of the work undertaken 
for this thesis and the reactivity of LNO composites is discussed in Chapter 6. A high 
resolution synchrotron powder diffraction study was carried out on some of these 
composites and as a result of this the low temperature (200°C to 400°C) phase transitions 
of LNO observed with DSC and the correlation with oxidation and reduction of LNO 
measured by TGA (shown in Figure 4.4) have been identified. It has been established that 
these observations are specific to LNO and are not dependent on the presence of CGO and 
for this reason they are included in this chapter. These observations are discussed in detail 
in Section 4.3. 
4.3 Characterisation of LNO used in Synchrotron Experiments 
4.3.1 Stoichiometry and Thermal Analysis 
Prior to discussing the structural transitions observed in LNO by x-ray synchrotron 
experiments, characterisation of this powder by thermal analysis (TGA/DSC), ICP-AES 
and iodometric titration is discussed. The powder was synthesised by spray pyrolysis and 
calcined at 1400°C for 5 hours followed by ballmilling for 48 hours; an SEM image of the 
resultant powder is shown in Figure 4.9. 
 
Figure 4.9 : SEM image of LNO synthesised by the spray pyrolysis route, calcined at 1400°C for 5 hours and 
ballmilled for 48 hours 
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The LNO powder in Figure 4.9 indicates a uniform particle size of approximately 1 to 2 
μm. The cation ratio and oxygen stoichiometry were determined by ICP-AES and 
iodometric titrations, respectively; the composition is given in Table 4.5.  
Table 4.5 : Cation ratio (from ICP-AES) and room temperature oxygen stoichiometry (from iodometric 
titration) for LNO calcined at 1400°C for 5 hours  
Element Ratio present in LNO Technique 
La 2.000 ± 0.089 ICP 
Ni 1.033 ± 0.003 ICP 
O 4.140 ± 0.002 Iodometric titration 
 
The cation ratio and oxygen stoichiometry show good agreement with those obtained for 
LNO synthesised by spray pyrolysis and calcined at a lower temperature (1200°C for 2 
hours, shown in Table 4.2); this is expected as the powders were from the same batch. 
TGA and DSC were performed in flowing air to study the changes in oxygen 
stoichiometry with heating and cooling, the plots are given in Figure 4.10. 
The DSC trace shown in Figure 4.10(a), indicates a small endothermic peak at 120°C, 
sharp exothermic peak at 220°C, a small broad exothermic peak at 310°C and a dramatic 
endothermic step at 340°C to 380°C. This differs from the DSC trace of LNO shown in 
Figure 4.4, where no low temperature endothermic peak was observed and the exothermic 
peak at 220°C was significantly smaller. In addition, a more dramatic reduction step at 
220°C and larger overall mass loss is observed for this sample of LNO. Both LNO samples 
have the same cation ratios and near oxygen stoichiometries (within errors), therefore the 
reason for these differences may be associated with the powder processing by ballmilling. 
The LNO sample from Figure 4.10 was ballmilled for 48 hours compared with 24 hours 
for the sample shown in Figure 4.4. Ballmilling is known to induce phase changes in solid 
state oxide materials [143-145] and metals [146, 147]. Although no previous reports of 
phase transitions induced by ballmilling have been reported for LNO, the wide range of 
oxygen stoichiometries and phases reported in the literature (discussed in Chapter 2) 
indicate that LNO is very sensitive to synthesis method, thermal treatment and processing 
route. It is possible that ballmilling for 48 hours has resulted in low temperature phase 
transitions in LNO. It is therefore not unreasonable to predict that the room temperature 
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structure and stoichiometry may be dependent on the processing history of the sample, 
which in turn may affect any phase changes on heating.  
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Figure 4.10 : TGA (black line) and DSC (blue line) traces of LNO in flowing air for LNO upon (a) heating 
and (b) cooling 
Using a room temperature oxygen stoichiometry from iodometric titration and from the 
TGA trace in Figure 4.10(a), the total oxygen content at 1150°C is calculated to be 3.49. 
For this oxygen stoichiometry to be accommodated it would mean nickel is present in a +1 
oxidation state, which is an unusual and generally unstable oxidation state [148]. The most 
likely compound with a +1 nickel oxidation state is LaNiO2 which requires controlled 
reducing conditions to form [149, 150] also making it an unlikely product under 
TGA/DSC in flowing air. If it is assumed that at 1150°C, nickel is fully reduced to Ni2+ 
Endothermic 
Exothermic 
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and the oxygen stoichiometry is 4.00 then the starting oxygen stoichiometry is calculated 
to be 4.66, which far exceeds the highest known oxygen stoichiometry for LNO and 
corresponds to an oxidation state of nickel which is +3.32. This suggests that not all of the 
mass loss is associated with oxygen, and a proportion of it may be associated with 
dehydration or carbonates being removing at low temperatures. 
Figure 4.10(b) indicates that the phase changes and oxygen loss observed on heating 
(Figure 4.10(a)) are irreversible on cooling and there is only a slight increase in the oxygen 
stoichiometry, associated with oxidation of LNO. The room temperature stoichiometry 
after cooling in the DSC/TGA instrument does not return to the original value prior to 
heating in the instrument. If an oxygen stoichiometry of 4.00 is assumed at 1150°C, the 
calculated oxygen content at 50°C is 4.10, after a single heating and cooling cycle. 
These measurements were made on single phase, pure LNO. The synchrotron study was 
performed on a LNO:CGO10 50:50 wt% composite, composed of LNO and commercially 
available CGO10, both calcined at 1400°C for 5 hours and ballmilled for 48 hours. To 
verify that the phase changes observed in pure LNO were not affected by the presence of 
CGO, TGA/DSC was performed on the composite in flowing air, the plot is shown in 
Figure 4.11.  
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Figure 4.11 : TGA (black line) and DSC (blue line) traces of LNO:CGO10 50:50 wt% composite in flowing 
air on heating 
An endothermic peak at ~165°C, exothermic peak at 220°C and broad endothermic step 
between 250°C and 380°C are observed on the DSC trace in Figure 4.11  for a 50:50 wt% 
composite of LNO:CGO10. The small endothermic peak seen at 310°C in pure LNO is not 
Endothermic 
Exothermic 
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detected in the composite. However, the phase change at 220°C associated with a dramatic 
loss of oxygen in LNO is not affected by the presence of CGO. The TGA trace indicates a 
total mass loss of 1.5% between room temperature and 1000°C in the composite. A 
proportion of the mass loss will be due to oxygen loss in LNO; however there may also be 
contributions from dehydration of LNO and CGO. 
4.3.2 In-situ Synchrotron Powder X-ray Diffraction Study 
The high resolution powder diffraction beamline, I11, at Diamond Light Source was used 
to monitor the phase change in LNO in-situ. A 50:50 wt% composite of LNO and CGO10 
was investigated; the diffraction patterns are shown in Figure 4.12, CGO peaks are marked 
with a   , all other peaks are attributed to LNO.  
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Figure 4.12 : Synchrotron high resolution powder diffraction patterns of LNO, CGO peaks are indicated by a 
symbol, all other peaks are attributed to LNO (λ = 0.8271 Å) 
In Figure 4.12, “Room temp” refers to the ambient temperature of approximately 25°C. 
There are no changes to the CGO peaks on heating. Inspection of the LNO peak at 17.4° 
shows a broadening between 250ºC and 300ºC, followed by an apparent peak splitting at 
350ºC and returning to a single peak by 450ºC. This temperature range coincides with the 
observations made using TGA and DSC and it confirms that the changes in oxygen 
stoichiometry are associated with phase changes in LNO. Rietveld refinement was 
performed on the diffraction patterns in Figure 4.12 to identify the LNO phases. To 
confirm that the phase transition is a result of changes in LNO only and not associated 
Peak splitting 
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with the presence of CGO, the CGO lattice parameters obtained by Rietveld refinement are 
plotted alongside the calculated lattice parameters at each temperature (calculated from the 
refined room temperature lattice parameter and the thermal expansion coefficient), in 
Figure 4.13. The error bars represent two estimated standard deviations determined from 
Rietveld refinement, however they are sufficiently small that they lie beneath the data 
symbols. 
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Figure 4.13 : CGO lattice parameters obtained by Rietveld refinement and calculated from the refined room 
temperature lattice parameter and the thermal expansion coefficient, as a function of temperature 
The excellent agreement between the refined and calculated lattice parameters for CGO 
indicates that there was no reaction between LNO and CGO in this temperature regime, 
and CGO10 acts as an internal standard.  
As discussed in the literature review in Chapter 2, there is much debate regarding the 
structure of LNO, with numerous room temperature structures proposed [58, 59, 80, 82, 
86, 88]. Therefore, various structural models were adopted for the Rietveld refinements of 
the synchrotron diffraction data, to determine the most suitable model for the data recorded 
here. Table 4.6 summarises the structural models used in the refinements that resulted in 
the lowest χ2, Rwp and Rp values. For all refinements the background was modelled using a 
Shifted Chebyschev function with thirty-two terms; the large number of background terms 
is required due to the presence of a background amorphous halo from the quartz capillary 
sample holder. 
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Table 4.6 : Phases from Rietveld refinements that resulted in the lowest χ2, Rwp and Rp values from LNO: 
CGO 50:50wt% composite up to 500°C 
Temp 
(°C) Phases (Spacegroup) 
Phase 
fraction (%) χ
2 Rwp (%) 
Rp 
(%) 
RT 
CGO (Fm-3m) 51 
0.3082 8.79 6.82 LNO (Fmmm) 35 
LNO (Bmab) 14 
250 
CGO (Fm-3m) 52 
0.2892 7.49 5.88 LNO (Fmmm) 27 
LNO (Bmab) 21 
300 
CGO (Fm-3m) 52 
0.2748 7.29 5.69 
LNO (Fmmm) 18 
LNO (Bmab) 18 
LNO (I4/mmm) 12 
350 
CGO (Fm-3m) 52 
0.2792 7.35 5.77 
LNO (Fmmm) 29 
LNO (Bmab) 5 
LNO (I4/mmm) 13 
400 
CGO (Fm-3m) 52 
0.2442 6.88 5.41 
LNO (Fmmm) 16 
LNO (Bmab) 23 
LNO (I4/mmm) 9 
450 
CGO (Fm-3m) 52 
0.2495 6.95 5.50 LNO (Bmab) 17 
LNO (I4/mmm) 30 
500 
CGO (Fm-3m) 53 
0.2468 6.91 5.43 LNO (Bmab) 11 
LNO (I4/mmm) 36 
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The refined phase fractions in Table 4.6 are given to 2 significant figures to take in to 
account the errors of the standard deviation from the refinement. The phase fraction of 
CGO is consistent within ±1% of 52%, which verifies the LNO to CGO ratio in the 
composite. There appears to be a complex phase transition in LNO, which involves a room 
temperature two-phase orthorhombic system (Fmmm and Bmab) undergoing a transition 
to a 3-phase orthorhombic (Fmmm and Bmab) and tetragonal (I4/mmm) system, with 
increasing temperature. As the temperature increases above 400°C the tetragonal phase 
begins to dominate and the fraction of orthorhombic phase decreases, with the Fmmm 
phase no longer present and decreasing phase fraction of Bmab. The χ2 values of less than 
one suggest that the data may have been collected too quickly [134], however the speed of 
data collection was chosen to monitor changes that may be kinetically driven as well as 
thermodynamically driven and therefore fast data collection was required. The low Rwp 
and Rp values indicate good fitting between the observed and calculated data. The χ2, Rwp 
and Rp values indicate that the optimum collection time has been used for Beamline I11 
[135]. A typical Rietveld refinement of the data obtained at 400°C is shown in Figure 4.14. 
 
Figure 4.14 : The observed (symbols) and calculated (line) diffraction patterns with difference plot and the 
phase markers for Rietveld refinement of LNO:CGO composite at 400°C, λ = 0.82712 Å 
The difference plot in Figure 4.14 indicates a very good fit to the observed data. Figure 
4.15 shows a selected region (16 to 18°2θ) of the refined LNO structure recorded at 350°C. 
From consideration of the refined structure in Figure 4.14 and Figure 4.15, it can be seen 
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that the complex structure and large number of phases present was well represented by the 
model chosen here. 
 
Figure 4.15 : Selected region (16 to 18°2θ) of the refined LNO structure at 350°C, showing the observed 
(symbols) and calculated (line) diffraction patterns with difference plot and the phase markers 
The fitting for the three LNO phases can be clearly seen in Figure 4.15 between 17.1 and 
17.4 °2θ, showing that the most appropriate fitting for these peaks requires all three phases 
to be present. The room temperature dual-phase LNO structure agrees with the 
observations of Jorgensen et al. [58], who find a mixed phase Fmmm-Bmab structure for 
La2NiO4.07 at 22°C, from Rietveld refinement of neutron powder diffraction data. From 
Table 4.6, as the temperature increases from room temperature to 250°C, the ratio of the 
orthorhombic phases changes, with the phase fraction of Bmab increasing and that of 
Fmmm decreasing. As the temperature increases the fraction of the tetragonal phase 
increases, and that of the orthorhombic phases fluctuates, suggesting that the region 
between 250°C and 400°C is unstable and the structural behaviour may easily be 
dependent on the availability of oxygen in the atmosphere. This is in agreement with the 
observation made by Aguadero et al. [59] from neutron diffraction of La2NiO4.3, who 
observe a dependency between the reversibility of LNO phase transitions and the oxygen 
environment. Correlating these observations with the TGA and DSC data in Figure 4.3(b), 
the oxygen content of LNO is related to the content of tetragonal I4/mmm phase, with 
increasing phase content leading to a reduction in oxygen interstitial concentration. The 
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refined phase fractions for CGO, orthorhombic LNO (the sum of Fmmm and Bmab phase 
fractions) and LNO tetragonal (I4/mmm) are shown in Figure 4.16. 
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Figure 4.16 : Refined phase fractions of LNO:CGO 50:50 wt% composite on heating; the errors are twice the 
standard deviation from the refinement, however in some places they are sufficiently small that they lie 
beneath the data symbols 
The phase fractions of LNO and CGO at room temperature are 51% and 49% respectively, 
which correlates very well with the expected values and indicates that the phase fractions 
are accurate at this temperature.  The refined phase fraction of CGO is 52% ± 1% over the 
entire temperature range, which also correlates well with the expected values. It would be 
anticipated that the phase fraction of CGO would remain the same as it does not undergo 
any phase changes, which agrees with the results from Rietveld refinements. In Figure 
4.16, it can be seen that on heating the phase fraction of orthorhombic LNO decreases and 
that of tetragonal LNO increases. It is interesting to note there is a slight deviation from 
this trend at 400°C, where the phase fraction of orthorhombic LNO increases and 
tetragonal LNO decreases. This is coincident with the increase in mass measured by TGA 
(Figure 4.11), which is attributed to an increase in oxygen stoichiometry in pure LNO, 
between 360°C and 380°C. It would therefore appear that even this slight change in mass 
is reflected in a structural transition, which can be detected by Rietveld refinement of high 
resolution synchrotron powder diffraction patterns. The increase in oxygen observed 
between 360°C and 380°C by TGA, correlates with a decrease in the fraction of the 
I4/mmm phase of 13% to 9% over the same temperature regime, confirming that oxygen 
content is inversely proportional to the phase fraction of tetragonal LNO. On heating 
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above 400°C the phase transition proceeds and decreasing oxygen content measured by 
TGA coincides with increasing weight fraction of the tetragonal phase. The very good 
correlation between the TGA/DSC traces and the structural synchrotron data is evident and 
slight changes in oxygen content measured by TGA appear to correlate well to changes in 
the LNO phases.  
The refined lattice parameters and total unit cell volume are given in Figure 4.17; the 
tetragonal unit cell ‘a’ and ‘b’ lattice parameters have been converted through a            √2a 
relationship. The unit cell volumes of each phase show a linear increase with temperature, 
which would be expected from thermal expansion of the unit cell. There is a slight 
deviation from linearity between 300°C and 400°C, where LNO is refined to three phases. 
It is interesting to note that the structural phase changes do not appear to significantly 
affect the unit cell volume; this is in agreement with the observations of Skinner [86] who 
found that the unit cell volume was maintained by lengthening and shortening of La-O 
bonds. The loss of oxygen identified by TGA/DSC appears to be associated with a 
significant reduction in the ‘c’ lattice parameter of both orthorhombic phases and an 
increase in the ‘b’ lattice parameter between 200°C and 350°C. The loss of oxygen 
between approximately 200°C and 400°C results in variations in the lattice parameters of 
each LNO phase, it is believed that this is due to the reduction/ oxidation/ reduction 
sequence observed by TGA over this temperature regime. 
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Figure 4.17 : Refined unit cell volume (a) and lattice parameters ((b) to (d)) for LNO phases from room 
temperature to 500°C; errors are twice the standard deviation from Rietveld refinement, however in some 
places they are sufficiently small that they lie beneath the data symbols. 
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From neutron diffraction experiments in vacuum, Skinner [86] comments that attempts to 
refine the room temperature structure of LNO with a two-phase Fmmm-Bmab model result 
in an unrealistic fit. The successful refinement of the dual phase model here may be due to 
structural differences between samples (different processing methods and thermal 
histories), the extremely high resolution achieved at Beamline I11 or physical differences 
in the structures due to environmental differences between the experiment atmospheres.  
4.4 Chapter Summary 
The structure and oxygen content (δ) of single phase LNO has been investigated. The 
cation stoichiometry and oxygen content are sensitive to the synthesis method and 
subsequent thermal treatments. Phase changes between 200°C and 400°C have been 
detected in LNO by DSC, which are associated with a change in mass, measured by TGA, 
which are reduction and oxidation processes of LNO. The extent of the phase changes and 
the changes in oxygen stoichiometry appears to be dependent on the thermal history and 
powder processing (e.g. ballmilling) of LNO.  
In-situ HT-XRD of LNO indicates that the oxidation of LNO is catalysed by platinum 
above 800°C, forming the higher order Ruddlesden-Popper phases, La3Ni2O7-δ and 
La4Ni3O10-δ, which is irreversible on cooling. This is a significant observation and is of 
particular importance for SOFC testing of LNO. In Chapter 7, symmetrical cell testing of 
LNO with a platinum current collector is discussed; the tests were performed up to 800°C 
in an attempt to avoid catalysis of LNO by platinum. 
The room temperature structure of LNO in an LNO:CGO 50:50 wt% composite after 
ballmilling for 48 hours, was found to be mixed phase orthorhombic Bmab-Fmmm from 
high resolution synchrotron x-ray powder diffraction experiments. TGA experiments on 
heating indicate oxygen interstitial loss between 200°C and 400°C and DSC indicates a 
non-reversible phase change in LNO at approximately 200°C. Synchrotron x-ray powder 
diffraction data indicates a phase transition in LNO between 250°C and 500°C, which is in 
excellent agreement with the observations from TGA and DSC experiments. The room 
temperature structure of LNO undergoes a transition where tetragonal I4/mmm content 
increases with increasing temperature. The I4/mmm phase fraction appears to be related to 
oxygen content, with an increase in the tetragonal phase leading to a decrease in oxygen 
content, with increasing temperature. 
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Chapter 5 - Surface Exchange and 
Mass Transport Properties 
5.1 Introduction 
To determine the suitability of LNO as an IT-SOFC cathode, a study of the oxygen ion 
diffusion properties was made using oxygen isotopic exchange and secondary ion mass 
spectrometry (SIMS) techniques, details of which were discussed in Chapter 3. Previous 
authors have studied the oxygen diffusion and surface exchange properties of LNO [56, 
74, 100, 102], however these studies have been performed at temperatures above 500°C 
with the exception of the oriented thin film work reported by Burriel et al. [103]. In this 
chapter, the mass transport properties of polycrystalline LNO are determined in a low 
temperature regime (350°C <T< 700°C) and compared with the high temperature 
observations and the low temperature oriented thin film data. The oxygen stoichiometry 
(δ) of LNO has been determined before and after oxygen isotopic exchange, the transport 
properties are correlated with δ and the oxygen interstitial diffusion coefficient, Di is 
calculated. 
The layered structure of LNO results in diffusion properties that are anisotropic, with 
diffusion being dominant in the a-b plane as opposed to the c-axis [43, 77, 78, 102, 103]. 
The anisotropy and diffusion properties of LNO have previously been investigated by 
atomistic simulation [77, 78] and molecular dynamic computational techniques [43] as 
well as single crystal [102] and oriented thin film studies [151]. However, there remain 
some discrepancies over the extent of anisotropy in LNO. Claus et al. [152] determined the 
oxygen tracer diffusion coefficient in anisotropic La2-xSrxCuO4±δ by combining electron 
back scattered diffraction (EBSD) and SIMS. A similar approach has been adopted here in 
undoped LNO to determine the suitability of this technique as a method of investigating 
the relationship between grain orientation and oxygen diffusion; this is discussed in 
Section 5.3. An alternative method is proposed for investigating the orientation and 
correlating it to oxygen tracer diffusion measurements in polycrystalline materials, using 
ToF-SIMS. Some preliminary work has been undertaken using this method and the 
observations are discussed. 
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5.2  Surface Exchange and Oxygen Diffusion in Polycrystalline LNO 
5.2.1 Oxygen Stoichiometry 
It is known that the oxygen content, δ, of LNO varies with temperature and that it is 
related to structure and space group [58, 88]. Measurements of δ as a function of 
temperature [60] and partial pressure [107] have previously been reported for the n = 1 
Ruddlesden-Popper phases. A preliminary study of the relationship between the oxygen 
exchange conditions and the oxygen excess of LNO was performed; δ was determined by 
iodometric titration, as a function of oxygen anneal time and partial pressure during the 
oxygen anneal. Table 5.1 gives the changes in δ at constant temperature (490°C) and with 
variable anneal times and oxygen partial pressures. 
Table 5.1 : Oxygen content of LNO determined by iodometric titration for samples annealed in oxygen-16 at 
490°C, errors indicate the calculated standard deviation from the titrations 
Anneal Time 
(secs) 
Anneal Pressure 
(mbar) 
LNO Oxygen 
Stoichiometry, δ 
900 220 4.159 ±0.010 
900 500 4.188 ±0.007 
900 700 4.160 ±0.002 
1365 220 4.159 ±0.012 
3220 220 4.168 ±0.004 
 
As there are only three data points in each data set, caution must be exercised in drawing 
conclusions from the limited data range. However, there appear to be trends that are 
evident and worthy of comment. Taking into account the standard deviations on δ in Table 
5.1, it could be argued that oxygen content is independent of anneal time, over the range 
studied here. Vashook et al. [107] have investigated the time dependence of oxygen 
stoichiometry in LNO with increasing temperature, however no reports in the literature 
could be identified showing a time dependency for δ at constant temperature. Based on the 
fast diffusion of oxygen in LNO (discussed in Section 5.2.3), it would be expected that 
intercalation of oxygen in LNO occurs rapidly and temperature dependence dominates. 
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The relationship between oxygen content and oxygen partial pressure appears to be more 
complex, with an increase in δ observed at pressures of between 200 and 500 mbar, 
followed by a decrease in δ on further increasing pO2 to 700 mbar. The reason for this 
behaviour is currently unknown and it is recommended that additional experiments are 
performed to expand on the data set presented here. Previous studies on the relationship 
between oxygen excess and oxygen partial pressure in LNO [107] find a linear relationship 
at constant temperature, where oxygen stoichiometry increases with increasing oxygen 
partial pressure. However, it should be noted that the oxygen partial pressure range in 
[107] is 0.015 to 3 mbar, compared with a nominal pO2 range of 200 to 900 mbar 
investigated here. Further experiments over this oxygen partial pressure range are required 
to determine whether there is a clear relationship between pO2 and oxygen stoichiometry 
in LNO. 
The oxygen stoichiometry of LNO samples before and after oxygen isotopic exchange was 
determined by iodometric titration, the results are summarised in Table 5.2. In all cases the 
anneal pressure nominally 200 mbar and anneal times (t) varied depending on the desired 
diffusion length (LD), according to the relationship LD = 2√(D*t), described in Chapter 3. 
The samples which did not undergo oxygen isotope exchange were exposed to laboratory 
air prior to the titrations, whereas the exchanged samples were exposed to a pure oxygen 
atmosphere at a nominal pressure of 200 mbar. From Table 5.2 it is clear that in all cases 
the oxygen annealed samples have a greater value of δ than the unexchanged samples 
confirming that that the anneal conditions affect the oxygen content. It would be expected 
that δ would decrease with increasing temperature above 400°C in correlation with the 
observations made using TGA in Chapter 4, however below 400°C, δ is very sensitive to 
thermal history and powder processing methods. 
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Table 5.2 : Oxygen stoichiometry determined by iodometric titration at room temperature in La2NiO4+δ 
Anneal 
temperature (°C) 
LNO oxygen 
stoichiometry, δ 
Standard 
deviation 
Unexchanged 
powder 0.148 ± 0.002 
Unexchanged 
ground dense pellet 0.131 ± 0.014 
543 0.212 ± 0.018 
493 0.159 ± 0.012 
446 0.158 ± 0.012 
422 0.194 ± 0.019 
399 0.167 ± 0.020 
373 0.192 ± 0.009 
349 0.220 ± 0.009 
 
The relationship between oxygen stoichiometry and temperature for oxygen isotope 
exchanged samples is shown in Figure 5.1. A decrease in the calculated stoichiometry as 
the temperature decreased from 543ºC to 446ºC (from   δ = 0.212  ± 0.018 to δ = 0.158 ± 
0.012) was observed, followed by a subsequent increase upon further temperature 
reduction to 349ºC (δ = 0.220 ± 0.009). The observed trend of an increase in stoichiometry 
with decreasing temperature at temperatures below 446ºC supports the TGA observations 
reported in Chapter 4 as well as the trend reported by Boehm et al. [60]. The value of δ at 
422°C appears to deviate from the observed trend, however this may be associated with 
the oxidation step observed at ~400°C in the TGA data discussed in Chapter 4. 
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Figure 5.1 : Oxygen content of LNO determined by iodometric titration after annealing in pure oxygen 
enriched in 18O2, the dashed line represents a parabolic fit to the experimental data; error bars indicate the 
standard deviation from titrations 
It is believed that the observed changes in stoichiometry are associated with structural 
changes in LNO which are discussed in detail in Chapter 4. At 543°C there is also a 
deviation from the observations made by TGA; this may be an effect of the oxygen 
exchange conditions, such as differences in oxygen partial pressure. The oxygen 
stoichiometry of LNO is dependent on temperature, however anneal pressure also appears 
to have an effect on the oxygen content (Table 5.1). The relationship between temperature 
and oxygen stoichiometry measured by TGA (discussed in Chapter 4 and also reported in 
[60]), does not include a time dependence and is taken at atmospheric pressure in air, 
which may be the reason for differences in the absolute values of δ obtained by titration 
after oxygen annealing and those from TGA [60]. The relationship between the oxygen 
exchange conditions and oxygen stoichiometry of LNO has been investigated; in Section 
5.2.2 the oxygen surface exchange of LNO is discussed as a function of temperature.  
5.2.2 Oxygen Surface Exchange 
The surface exchange coefficient (k*) of LNO was determined over the temperature range 
of 700°C to 350°C using the depth profiling SIMS technique (Atomika 6500) and image 
acquisition using ToF-SIMS. The oxygen isotopic fraction at the surface obtained by depth 
profiling is given in Figure 5.2(a), for a sample exchanged at 373°C for 240 minutes and 
the resultant crater cross-section determined by white light interferometry is shown in 
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Figure 5.2(b). The red dashed line on Figure 5.2(a) indicates the natural abundance of the 
18O isotope. 
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Figure 5.2 : (a) Oxygen-18 diffusion profile obtained by the depth profiling technique after oxygen isotopic 
exchange at 373°C for 240 minutes and (b) typical SIMS crater produced from depth profiling 
Figure 5.2(a) indicates a uniform surface isotopic 18O fraction over the initial 120 nm 
depth of approximately 1.3 x 10-2, which is significantly higher than the average natural 
abundance of 2.04 x 10-3, confirming that oxygen isotopic exchange has occurred. The 
crater cross-section shown in Figure 5.2(b) is typical of the SIMS craters created by depth 
profiling of LNO. The original surface has a root mean square (RMS) roughness of 6 nm 
and the crater bottom has an RMS roughness of 22 nm; the low RMS roughness values 
indicate a uniform sputter rate has been achieved during the depth profiling. This is 
important as a non-uniform sputter rate may induce differences in the crater topography 
that can lead to diffusion profiles with long ‘tails’ and can be misinterpreted [137]. The 
absence of any significant topographical changes here suggests that the diffusion profiles 
obtained do not display this effect. 
Natural 18O isotopic abundance 
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In ToF-SIMS the surface concentration and diffusion profile are obtained simultaneously 
using image acquisition mode. Figure 5.3 shows the cross section of a LNO sample 
exchanged at 373°C for 240 minutes and the oxygen-16 (16O), and oxygen-18 (18O) images 
obtained using this method. 
 
Figure 5.3 : Image acquisition from ToF-SIMS for LNO exchanged at 373°C for 240 minutes showing 
oxygen-16 (16O) and oxygen-18 (18O) images 
The oxygen-18 profile can clearly be seen in the 18O image, with decreasing concentration 
moving from left to right of the image. The surface concentration is an average of the 18O 
concentration at the surface over the 223µm length of area sputtered. The visible surface 
topography in Figure 5.3 will introduce some variations in k* using this method; the flatter 
the sample surface the more accurate the value of k*. 
The surface exchange coefficient is determined from fitting the experimental diffusion 
profiles to the solution for a semi-infinite medium of Fick’s 2nd law, given by Crank [153]. 
Typical diffusion profiles from the linescanning/depth profiling (Atomika SIMS) and 
image acquisition (ToF SIMS) techniques for LNO exchanged at 373°C for 240 minutes 
are shown in Figure 5.4, the fitted solution is indicated by the red line. 
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Figure 5.4 : Oxygen-18 diffusion profiles obtained by (a) linescanning technique and (b) image acquisition 
(ToF SIMS), after isotopic exchange at 373°C for 240 minutes; measured data indicated by blue symbols and 
fitted data is given by the red line 
The fitted lines are in good agreement with the experimentally obtained data, increasing 
confidence in the fitted values of D* and k*. The values of k* determined from depth 
profiling (Atomika 6500) and image acquisition (ToF-SIMS) over the temperature range 
700°C to 350°C are given in Figure 5.5.  
There is reasonable agreement between the k* values obtained using the different SIMS 
techniques; at 350°C and 375°C , the surface concentration measured by depth profiling 
and by image acquisition on the ToF-SIMS are in good agreement, however at 425°C and 
400°C the surface exchange coefficients obtained by the two different techniques, show a 
greater deviation. This highlights the difficulties associated with determining surface 
concentrations and obtaining values for k*. The upper and lower 95% confidence limits 
are marked on Figure 5.5 to indicate the statistical variation in the k* values. There are 
isolated data points in Figure 5.5 that fall outside of the 95% confidence limits, indicating 
that there are experimental errors which are more significant than those associated with the 
mathematical fitting. The errors from the experimental arrangement are representative of 
the scatter of k* values at each temperature.  
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Figure 5.5 : Measured oxygen tracer surface exchange coefficient obtained by SIMS using the depth 
profiling technique and from image acquisition (ToF-SIMS). Dashed lines show the upper and lower 95% 
confidence limits, error bars indicate a 10% error (±5%) which is representative of the fitting error [137]. 
Confidence in the fitted data for k* and D* from SIMS depth profiling experiments can be 
determined by plotting the relationship between the oxygen isotopic fraction at the surface 
C'(0), (i.e. when x =0), with h', a dimensionless parameter calculated from Equation 5.1. 
5.0
*
*' 




=
D
tkh  Equation 5.1 
In a semi-infinite medium for x=0, the relationship between C'(0) and h' is given in 
Equation 5.2 [154]. 
)'erfc)'exp(1)0(' 2 (hhC −=  Equation 5.2 
If C'(0) is close to 1 and h'>10, the surface exchange is fast compared to diffusion and 
confidence in D* is high, but the confidence in k* is low. Conversely, if C'(0) < 1 and 
h' < 0.1, then the confidence in D* decreases as the surface concentration drops and hence 
there is a low 18O intensity [154]. Calculated h' values are plotted against the measured 
C'(0) values in Figure 5.6.  
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Figure 5.6 : Errors associated with the measured and predicted surface exchange coefficient of dense 
polycrystalline LNO, error bars are determined by considering the errors associated with the SIMS counting 
statistics [155, 156]. 
The good agreement between calculated and measured values indicates that the fitting is in 
good agreement with the experimental data. The relatively small values of h' and C'(0) are 
a result of the low temperatures investigated, where surface exchange and diffusion are 
limited by slower diffusion kinetics.  
A comparison of the surface exchange values for LNO with alternative IT-SOFC cathode 
materials is given in Figure 5.7. The k* values for LNO are a similar order of magnitude to 
those for the alternative IT-SOFC cathode materials Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and 70wt.% LSCF/ 30wt.% CGO20 (LSCF/CGO) 
composite, at approximately 500°C and below. At temperatures greater than 500°C LNO 
displays the lowest k* by approximately an order of magnitude. The activation energy for 
surface exchange of LNO is calculated to be 0.63 ± 0.08 eV (the error is associated with 
the least squares fit to Arrhenius behaviour). The activation energy of k* for LNO is 
significantly lower compared with alternative cathode materials in Figure 5.7; 1.39 eV for 
LSCF and LSCF/CGO composite [33] and 1.10 eV for BSCF. This suggests that oxygen 
incorporation at the surface should occur more readily in LNO than in these alternative 
SOFC cathode materials. 
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Figure 5.7 : Oxygen tracer surface exchange coefficients for IT-SOFC cathode materials, LNO [this work], 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) [157], La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) [33] and 70wt.% LSCF/ 30wt.% 
CGO20 (LSCF/CGO) composite [33] 
In an effort to improve the surface exchange coefficient, enhancement of the LNO surface 
has been investigated. Authors have previously reported an enhancement of the oxygen 
surface exchange properties in SOFC materials by addition of a silver layer to the surface 
[158]. In an attempt to improve the catalytic activity of LNO, silver was sputtered on the 
surface prior to oxygen isotopic exchange at 372°C and 396°C and investigation of the 
surface performed by depth profiling. The silver sputtering conditions used were a current 
of 25 mA for 2 minutes. The normalised oxygen isotopic fraction of 18O at the surface, 
with and without a silver layer is shown in Figure 5.8. 
The depth profiles on the exchanged samples without silver are characteristic of LNO 
depth profiles, showing a gradual decrease in 18O isotopic fraction with depth. The first 
five nanometres of the profiles without silver show a steep increase in 18O isotopic fraction 
which is probably associated with a thin layer of surface contaminants from the 
environment (likely to be chlorine, sodium, hydrocarbons) masking the 18O isotopic 
fraction. The 18O isotopic fractions at the surface are 0.031 and 0.023 for exchanges at 
372°C (112 min) and 396°C (75 min), which are in reasonable agreement with the values 
obtained in prior measurements at these temperatures. 
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Figure 5.8 : Enhancement of surface oxygen-18 fraction by addition of a silver layer for samples exchanges 
at 372°C (112 min) and 396°C (75 min) 
The shape of the depth profiles for the samples with a sputtered silver layer differ from 
those without the layer; they show a decrease in the 18O isotopic fraction for the first 30 
nm, followed by a gradual increase until a depth of between 300 and 400 nm beyond 
which the 18O isotopic fraction appears linear. This distinctive depth profile shape can be 
explained by consideration of the surface; Figure 5.9 shows a perspective view of the 
depth profile crater and the silver sputtered surface surrounding it. 
 
Figure 5.9 : Interference microscope image of silver sputtered surface and depth profile crater for sample 
exchanged at 372°C 
From Figure 5.9 it is apparent that the silver sputtered surface has a significantly greater 
roughness than a polished surface, with a height range of approximately 200 to 500 nm. 
Therefore the first 500 nm of the 18O depth profile will be affected by the presence of 
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silver and will not be representative of the 18O isotopic fraction at the LNO surface, 
making it very difficult to determine values of k* with any reliability. The 18O isotopic 
fraction at the LNO surface of samples exchanged with and without a silver sputtered layer 
and the RMS roughness of the sample surface and crater bottom are summarised in Table 
5.3.  
Table 5.3 : 18O isotopic fraction and RMS roughness of LNO samples exchanged with and without a silver 
sputtered layer, the errors are the standard deviation of the mean RMS based on an average of three values 
Exchange 
conditions 
Surface 
coating 
Normalised 
18O isotopic 
fraction at 
surface 
RMS 
roughness of 
surface (nm) 
RMS 
roughness of 
crater bottom 
(nm) 
372°C, 112 min 
None 0.031 ± 0.004 6.50 ± 1.43 14.48 ± 1.11 
Ag layer 0.047 ± 0.004 211.31 ± 23.67 28.92 ± 14.54 
396°C, 75 min 
None 0.023 ± 0.004 13.59 ± 3.03 17.58 ± 1.32 
Ag layer 0.108 ± 0.003 267.81 ± 21.84 81.93 ± 22.14 
 
The addition of a sputtered silver layer to the surface has enhanced the 18O isotopic 
fraction at the surface of LNO exchanged at 372°C and 396°C. The increase is more 
significant for the sample exchanged at 396°C, which increases from a normalised isotopic 
fraction of 0.023 ± 0.004 to 0.108 ± 0.003 with the addition of a silver surface layer. From 
Table 5.3, it can be seen that the silver surface has a RMS roughness of at least an order of 
magnitude greater that the polished surface without silver. At 396ºC the surface RMS is 
13.59 ± 3.03 nm for the polished surface and 267.81 ± 21.84 nm for the polished surface 
with a silver sputtered layer. This then results in depth profile craters where the bottom of 
the crater has a greater RMS roughness, for example at 396ºC, the crater bottom has a 
RMS roughness of 17.58 ± 1.32 nm (no silver), compared with 81.93 ± 22.14 nm (with 
silver). This suggests that there may be differences in sputter rate due to the presence of 
the silver surface layer. Simrick et al. [159] have studied the effects on morphology by 
annealing thin films of silver and find that at temperatures as low as 300°C a disconnected 
structure composed of ‘islands’ of silver forms.  It is therefore likely that the sputtered 
silver surface deposited to enhance k* is altered during the oxygen isotope exchange 
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anneals and the high initial surface roughness observed on samples with a silver layer is 
due to changes in the layer morphology and the formation of silver ‘islands’.  
The enhancement of the surface 18O isotopic fraction from the silver layer suggests an 
improved catalytic activity of silver for oxygen reduction compared with an LNO surface. 
The surface exchange properties of LNO will be determined by the termination plane of 
atoms. Currently there is no experimental evidence for the surface termination planes of 
LNO, however Read et al. [160] performed atomistic calculations on stoichiometric LNO 
(i.e. δ = 0) to determine the surface properties. They predict that from the surface energies 
the most dominant surface is the {111} plane (which terminates with a nickel oxide layer 
of incomplete octahedra; -O1-O2-Ni-O2-Ni-Ni-Ni-O1), with significant expressions of the 
{100} surface (which terminates with oxygen ions; -O1-O2-) and the {001} surface (which 
terminates with Ni and O ions; -Ni-Ni-O2-O2-O1-). This suggests that silver is a better 
catalyst for the surface exchange reaction than nickel. Further discussion of LNO surface 
orientation is given in Section 5.3.  
5.2.3 Oxygen Tracer Diffusion 
The oxygen tracer diffusion coefficient (D*) for LNO was determined at temperatures 
between 700°C and 350°C using the linescanning technique; in addition, diffusion profiles 
between 425°C and 350°C were obtained from ToF-SIMS using image acquisition. 
Typical diffusion profiles from the linescanning (Atomika SIMS) and image acquisition 
(ToF-SIMS) techniques are shown in Figure 5.4 on page 131. The oxygen tracer diffusion 
coefficients displayed as an Arrhenius plot are shown in Figure 5.10. 
The upper and lower 95% confidence limits are marked to indicate the statistical variation 
in the D* values. There are isolated data points which fall outside of the 95% confidence 
limits, indicating that the experimental errors are more significant than those associated 
with the mathematical fitting. These additional errors from the experimental arrangement, 
are representative of the scatter of D* values at each temperature. It is worth noting that 
there is good agreement between the oxygen tracer diffusion coefficients obtained using 
the different SIMS techniques. The activation energy for diffusion in polycrystalline LNO 
was calculated to be 0.54 ± 0.03 eV over the temperature range 700 to 350°C. 
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Figure 5.10 : Measured oxygen tracer diffusion coefficient obtained by the linescanning technique and from 
image acquisition (ToF-SIMS). Dashed lines show the upper and lower 95% confidence limits, error bars 
indicate a 10% error (±5%) which is representative of the fitting error [137] 
Previously reported activation energies for diffusion and surface exchange in 
polycrystalline LNO are given in Table 5.4, the temperature ranges over which the 
activation energies have been calculated are indicated for comparison. 
Table 5.4 : Activation energies for diffusion and surface exchange in polycrystalline LNO, compared with 
values from the literature 
Sample & reference Ea for D* (eV) 
Ea for k* 
(eV) 
Temperature 
range (°C) 
Polycrystalline [56] 0.85 1.61 842 – 640 
Polycrystalline [100] 0.60 1.29 785 – 450 
Molecular dynamics calculations;  
migration energy [43] 0.51 - 827 – 527 
Polycrystalline [this work] 0.54 ± 0.03 0.63 ± 0.08 700 – 350 
 
It is proposed that the lower activation energies for D* and k* observed in this work are 
related to the increase in oxygen interstitial concentration with decreasing temperature, 
which is associated with a structural transition in LNO (discussed in Chapter 4). This 
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observation is in agreement with that of Bassat et al. [102] who observe a deviation from 
the high temperature relationship at approximately 500°C in single crystals. Molecular 
dynamic calculations performed by Chroneos et al. [43] on oxygen excess tetragonal LNO, 
predict an interstitialcy diffusion mechanism with an activation energy of migration of 
0.51eV, which is in excellent agreement with the experimental activation energy 
determined here.  
A comparison of the oxygen tracer diffusion coefficient of LNO with alternative SOFC 
cathode materials is shown in Figure 5.11. It is evident that the oxygen tracer diffusion 
coefficient of LNO is greater than that of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and 70wt.% 
LSCF/ 30wt.% CGO20 (LSCF/CGO) composite. D* for LNO is very similar to the values 
reported for Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), with very similar activation energies for 
diffusion. This is significant because a key property for an IT-SOFC cathode is high 
oxygen diffusion in the relevant temperature regime, which LNO displays, suggesting 
good electrode performance in a fuel cell. 
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Figure 5.11 : Oxygen tracer diffusion coefficients for IT-SOFC cathode materials, LNO [this work], 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) [157], La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) [33] and 70wt.% LSCF/ 30wt.% 
CGO20 (LSCF/CGO) composite [33] 
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5.2.4 Oxygen Interstitial Diffusion 
The oxygen interstitial concentration, [Oi''], of LNO is related to the diffusion coefficient 
by  
[ ] [ ] [ ]••+= oviilatticeself VDODOD ''  Equation 5.3 
Where Dself is the self-diffusion coefficient and [Olattice] is the concentration of lattice 
oxygen, Di and Dv, are the interstitial and vacancy diffusion coefficients and [Oi''] and 
[Vo••] are the oxygen interstitial and oxygen vacancy concentrations, where [Oi''] = δ. 
In the low temperature regime (T < 600ºC), we can assume that the oxygen interstitial 
concentration is significantly higher than the vacancy concentration based on the high 
oxygen excess content calculated from iodometric titrations shown in Table 5.2. Smith et 
al. [105] calculate the self diffusion coefficient in LNO over the temperature range 850-
1000ºC and assume that the contribution from vacancies is negligible, stating that the self-
diffusion coefficient, Dself, and the concentration of oxygen ions in the unit cell, [Olattice], 
can be related to Di by  
[ ] [ ]latticeselfii ODOD =''  Equation 5.4 
The oxygen tracer diffusion coefficient is a measureable diffusion parameter and is related 
to the self-diffusion coefficient by a correlation factor, f, shown in Equation 5.5 [161]. 
selfDfD .* =  Equation 5.5 
Generally, for interstitial diffusion mechanisms f is equal to 1 and for interstitialcy 
diffusion f is equal to 1+cos(θ), where θ is the angle between pairs of correlated, 
consecutive jumps [161]. A correlation factor of 1 is used here, based on the interstitialcy 
mechanism proposed by Chroneos et al., where an apical oxygen atom moves to a vacant 
interstitial site, followed by movement of an interstitial atom in to the previously occupied 
lattice site [43]. 
Consequently, Di can be calculated from Equation 5.6 
[ ]
[ ]''
*
i
lattice
i O
ODD ×=  Equation 5.6 
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The calculated oxygen interstitial diffusion coefficient is plotted alongside the measured 
tracer diffusion coefficient in Figure 5.12. The interstitial diffusion coefficient obeys 
Arrhenius-type behaviour and is approximately one order of magnitude greater than D*. 
The activation energy for Di was calculated to be 0.63 ± 0.06 eV over the temperature 
range 350°C to 550°C. 
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Figure 5.12 : Oxygen interstitial diffusion coefficient (Di) calculated from the measured interstitial 
concentration (given in Table 4.2) and measured oxygen tracer diffusion coefficient (D*, given in Figure 
4.12) in LNO 
The calculated interstitial diffusion coefficient is compared with vacancy diffusion 
coefficients (Dv) for La0.5Sr0.5CoO3-δ and LaFeO3-δ perovskites from the literature [162] in 
Figure 5.13. Di was found to compare well with the calculated vacancy diffusion 
coefficients for perovskites, which are summarised in the review by Kilner et al. [162]. 
Although the temperature range measured here is lower than the temperature range for Dv, 
there is excellent agreement with the observed trends for both diffusion coefficients. This 
is important because Kilner et al. [162] determine that for perovskite structures vacancy 
diffusion coefficients are of similar values regardless of the measured tracer diffusion 
coefficient. We observe here that the interstitial diffusion coefficient appears to behave in 
a similar manner to the vacancy diffusion coefficient. 
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Figure 5.13 : Oxygen interstitial diffusion coefficient (Di) compared with oxygen vacancy diffusion 
coefficients (Dv) in perovskites La0.5Sr0.5CoO3-δ and LaFeO3-δ [162] 
5.2.5 Summary 
The mass transport properties measured by oxygen isotope exchange and SIMS indicate 
that LNO displays an oxygen tracer diffusion coefficient that is greater than alternative 
current IT-SOFC cathode materials and surface exchange coefficient that is comparable 
with these materials. LNO is therefore worthy of further investigation as a candidate 
material for an IT-SOFC cathode. 
The diffusion coefficient and surface exchange coefficients have been determined for 
oxygen excess polycrystalline LNO, over the temperature range 350°C to 700°C. The 
activation energies of 0.54 ± 0.03 eV for D* and 0.63 ± 0.08 eV for k*, are lower than 
those previously reported for polycrystalline samples. It is thought that this is due to 
increasing oxygen stoichiometry and therefore an increase in oxygen interstitial 
concentration, [Oi''], at lower temperatures, which may be a result of structural changes in 
LNO (discussed in Chapter 4). 
Oxygen interstitial diffusion coefficients for LNO have been calculated directly from 
oxygen tracer diffusion coefficient measurements and iodometric titrations. Di shows very 
good agreement with reported values for vacancy diffusion coefficients in perovskites. The 
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calculations show that Di in LNO is approximately one order of magnitude greater than the 
tracer diffusion coefficient D*. 
5.3 Anisotropic Surface Exchange and Oxygen Diffusion  
The anisotropy and diffusion properties of LNO have previously been investigated by 
atomistic simulation [77, 78] and molecular dynamic computational techniques [43] as 
well as single crystal [102] and oriented thin film studies [151]. However, there remain 
some discrepancies over the extent of anisotropy in LNO, particularly associated with the 
relatively high D* value reported for the c-axis in the single crystal data and the deviation 
from linearity at approximately 500°C [102]. The method used by Claus et al. [152] of 
combining Electron Back Scatter Diffraction (EBSD) to determine grain orientation in a 
dense bulk sample with isotopic oxygen exchange and FIB-SIMS to obtain depth profiles 
in isolated grains, has been adopted in this work to study LNO. The suitability of this 
method for investigating the relationship between grain orientation and mass transport 
properties of dense bulk ceramics by examining individual grains has been assessed.  
5.3.1 Grain Orientation in LNO 
EBSD was used to determine the orientation of grains in a localised area of bulk, dense 
LNO. The LNO surface was polished (to 0.25 µm diamond paste) and then thermally 
etched (quenched from 1470°C after 2 hours). To identify grains for depth profiling by 
FIB-SIMS it is necessary to use a thermally etched surface so the grains can be optically 
identified and correlated with the EBSD orientation map; the grain boundaries are not 
visible for a polished surface thereby making correct correlation between grain orientation 
and depth profile impossible. The relationship between the sample measurement 
orientation and the LNO crystal axes is shown in Figure 5.14; the abbreviations for rolling 
direction (RD), transverse direction (TD) and normal direction (ND) used for texture 
description are adopted to maintain commonality with EBSD terminology. 
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Figure 5.14 : EBSD sample measurement orientation and the LNO crystal axes orientation 
The EBSD orientation map is shown in Figure 5.15; as a general guide, differences in 
orientations are represented by different colour grains.  
 
Figure 5.15 : EBSD orientation map for thermally etched LNO surface, letters refer to system used for grain 
identification 
From Figure 5.15 it is apparent that the EBSD technique has been able to identify the grain 
boundaries successfully and resolve individual grains. The grain sizes range from 
approximately 10 to 30 µm (note the orientation map represents the LNO surface tilted by 
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70° in the z-direction, therefore the scale gives a distorted perception of the area in Figure 
5.15). 
EBSD generates grain orientation information in terms of the Euler angles, φ1, Φ and φ2, 
which are determined by fitting of the Kikuchi bands during EBSD (described in Chapter 
3). Euler angles can be used to create a direction cosine matrix, where the columns 
represent the direction cosines for the sample axes expressed in the crystal coordinate 
system. The direction cosine matrix represents the rotations necessary to transform the 
crystal axes of grain 2 on to grain 1; in this case the sample axes are the directions RD, TD 
and ND and the crystal axes of all grains are calculated relative to these. The direction 
cosine matrix given in Equation 5.7 is used to describe the rotations in terms of the vectors 
in Equation 5.8 to Equation 5.10, which are composed of the three Euler angles [163]. 
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Where, 
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Equation 5.8 
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Equation 5.9 
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Φ−=
Φ=
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sincos
sinsin
33
132
131
a
a
a
ϕ
ϕ
 
Equation 5.10 
The matrix columns in Equation 5.7 are direction cosines for the sample axes RD, TD and 
ND expressed in the crystal coordinate system, where a grain is considered a crystal. The 
crystal coordinate system gives the grain orientation in terms of three vectors, where the 
normal and rolling directions in the sample axes are the equivalent of {h k l} and <u v w> 
RD TD ND 
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respectively. The calculated crystal coordinate system established by EBSD is given in 
Table 5.5. 
Table 5.5 : Grain orientations of thermally etched LNO surface determined by EBSD (letters refer to grains 
marked on Figure 5.15) 
Grain 
Euler 
angle φ1 
(°) 
Euler 
angle Φ 
(°) 
Euler 
angle φ2 
(°) 
RD, 
{hkl} TD 
ND, 
<uvw> 
AA 106.35 93.51 52.67 {3 2 0} <2 -3 1> <-1 2 8> 
AI 130.17 46.38 147.87 {1 -2 2} <-5 0 3> <1 3 2> 
AL 72.82 161.13 163.24 {0 -1 -3} <-1 0 0> <-0 3 1> 
AM 158.15 66.71 113.75 {2 -1 1} <-3 1 5> <3 12 4> 
G 84.66 78.00 58.46 {4 2 1} <5 5 0> <-3 4 24> 
L 76.29 69.17 51.29 {3 2 1} <3 -3 -1> <-1 -2 5> 
O 13.72 103.01 86.09 {4 0 -1} <-4 -5 20> <1 -8 2> 
P 167.89 88.68 100.33 {6 -1 0} <0 -1 5> <1 6 1> 
U 48.38 46.60 101.18 {6 -1 6} <2 -5 -3> <-4 -3 3> 
 
From the crystal coordinate system shown in Table 5.5, there are no dominant directions 
and grains appear to be orientated randomly with respect to one another. This indicates that 
no preferred orientation or texture appears to be present on the LNO surface. This supports 
the use of the linescan technique in Section 4.2 for diffusion measurements in bulk 
anisotropic LNO, which represent an average of all grain orientations.  It is important to 
recognise that these orientations represent a small selection of grains, however attempts to 
identify grains with preferred surface orientations in the sample area (~ 5000 μm2) were 
unsuccessful, suggesting that they are representative of the bulk sample. 
Atomistic calculations performed by Read et al. [160] for stoichiometric LNO (i.e. δ = 0) 
predict that from the surface energies the most dominant surface is the {111} plane, with 
significant expressions of the {100} and the {001} surfaces. From the grain orientations in 
Table 5.5, there appears to be no dominant plane surface, however these represent a 
relatively small selection of grains. 
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5.3.2 Surface Exchange and Oxygen Diffusion Measured by FIB-SIMS 
Fearn et al. [164] have successfully shown that with a FIB-SIMS instrument a diffusion 
profile can be obtained from an isolated grain in LSM after oxygen isotopic exchange at 
1000°C for 35 minutes. As the oxygen tracer diffusion coefficient in LSM is several orders 
of magnitude lower than that of LNO [116], the oxygen isotope exchange temperature and 
time were altered; the conditions are summarised in Table 5.6. It should be noted that the 
same sample was used for each isotopic exchange with an oxygen-16 preanneal time 
greater than 60 hours between oxygen-18 anneals to ensure there was full back-exchange 
before reintroducing 18O. 
Table 5.6 : Oxygen isotope exchange conditions on thermally etched LNO 
Exchange 
temperature (°C) 
Exchange Time 
(min) 
Exchange pressure 
(mbar) 
493 20 226 
685 25 231 
783 7 229 
 
Several conditions were maintained for depth profiling in individual grains; the crater 
edges were within the grain interior and a distance from the grain boundary was 
maintained, to avoid any effects from diffusion and segregation at the grain boundaries. In 
addition, an aspect ratio of 1 between the sputter depth and crater diameter was maintained 
to ensure sufficient secondary ions could be detected by the mass spectrometer. Two 
different depth profiling techniques were used; one where a crater was directly sputtered in 
a grain and the other where the area around the depth profile area was first removed by 
milling, creating a ‘tower’ that was then depth profiled. Figure 5.16 shows typical FIB-
SIMS images of craters created by depth profiling using these two techniques. 
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(a) (b) 
Figure 5.16 : Two methods of obtaining depth profile information in a single grain of LNO using FIB-SIMS 
(a) crater from direct depth profiling and (b) ‘tower’ created by milling (in the next step of the process the 
‘tower’ is depth profiled) 
There was no discernable difference in the oxygen-18 isotopic fraction or the diffusion 
profile shape between the two methods, therefore the quicker direct depth profiling method 
was adopted. Diffusion profiles for single grains of LNO are shown in Figure 5.17 for 
exchanges performed at 685°C (25 minutes) and 783°C (7 minutes), the red line indicates 
the fitting of the experimental diffusion profiles to the solution for a semi-infinite medium 
of Fick’s 2nd law, given by Crank [153].  
  
(a) Grain L (b) Grain AL 
Figure 5.17 : Oxygen-18 diffusion profiles obtained by depth profiling in individual grains after exchanges at 
(a) 685°C (25 minutes) and (b) 783°C (7 minutes); measured data indicated by blue symbols and fitted data 
is given by the red line 
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It is clear that there is a significant amount of scatter in the diffusion profiles, which is a 
result of oversampling during data acquisition. This is a feature of all the depth profiles of 
LNO obtained using this technique and will lead to increased errors associated with the D* 
and k* values. It was not possible to determine whether any of the obtained depth profiles 
crossed grain boundaries beneath the surface, however all the measured diffusion profiles 
were linear, suggesting that there was no additional contribution from grain boundary 
diffusion. This is in agreement with the observations from linescan SIMS measurements in 
polycrystalline LNO, where no grain boundary diffusion contribution was identified.  
The depth profiles do not return to the background oxygen-18 isotopic fraction meaning 
that 18O diffusion extends beyond the area of an individual grain and will continue through 
the bulk of the material; this is observed in all the diffusion profiles and confirms fast 
oxygen diffusion in LNO. From Figure 5.17 it can be seen that the full diffusion profile 
would extend well beyond a single grain; the first 6μm of the diffusion profile in Grain L 
is visible and is far from reaching an oxygen-18 isotopic fraction of zero, i.e. returning to 
background. Compare this to the diffusion profiles obtained by the linescanning technique 
in bulk LNO, such as those in Figure 5.4, where the diffusion lengths are over 100µm and 
return to an 18O isotopic fraction of zero. The length of the diffusion profile that can be 
measured using FIB-SIMS is limited by the requirement to stay within a single grain and 
to maintain an aspect ratio of 1 for crater diameter to crater depth. Attempts to perform 
oxygen isotopic exchanges of sufficiently short times to ensure diffusion lengths within the 
measureable confines of individual grains were unsuccessful; diffusion through LNO 
occurred very quickly. The shortest diffusion time of 7 minutes at 783°C is still far too 
long to confine the diffusion length to that of a single grain interior and the experimental 
arrangement prohibits exchange times of much less than this. This therefore means that the 
fittings of the diffusion profiles are based on a short section of a full diffusion profile, 
leading to less confidence in the fitted values. In reference [152] Claus et al. do not present 
any experimentally obtained diffusion profiles, however they comment that the diffusion 
profiles they obtain for La2CuO4+δ are flat over several microns but with oxygen-18 
isotopic fraction above background after even short anneal times, suggesting the profiles 
were a similar shape to those in Figure 5.17. 
Based on the findings from the high resolution synchrotron x-ray diffraction study 
discussed in Chapter 4 and investigations performed by others [59, 86] it is assumed that 
LNO has a tetragonal structure at the exchange temperatures investigated here. Claus et al. 
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[152] specify that in a tetragonal structure the diffusivity, Dφ in an arbitrary direction φ is 
given by  
γγϕ
22 cosDsinDD cab +=  Equation 5.11 
where Dab/c is the diffusion coefficient parallel to the relevant crystallographic plane or 
direction and γ is the angle between the diffusion direction and the c-axis. 
It is possible to calculate Dab and Dc by finding the angle, γ, between the diffusion 
directions [100], [010] and [001] and direction of measured diffusivity, Dφ. The direction 
of the measured diffusivity Dφ is parallel to the ND in the sample axes (FIB-SIMS 
measurements were made normal to the sample surface) and is therefore expressed in the 
crystal coordinate system as {h k l} in Table 5.5. The angle, γ, can be found by calculating 
the angle between the diffusion directions and {h k l} by taking the dot product given in 
Equation 5.12, where d is the diffusion direction vector and z is the crystal axis vector 
parallel to the normal direction i.e. {h k l}. 
zd
zd
×
⋅
=γcos  Equation 5.12 
In grains AI, L and O, two diffusion profiles were obtained, with craters sputtered adjacent 
to one another in the same grain to provide an average Dφ value. The solutions to Equation 
5.11 and Equation 5.12 are given in Table 5.7, where the mean Dφ for grains AI, L and O 
is used. Claus et al. [152] calculated Dab and Dc values from the mean of different selected 
pairs of measured Dφ, therefore in theory it is possible to determine Dab and Dc at each 
temperature by solving the solutions to the simultaneous equations in Table 5.7. 
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Table 5.7 : Solutions to the equation for orientated diffusion in tetragonal LNO 
Grain 
Exch 
temp 
(ºC) 
Angle γ 
(°) 
Dφ = Dab sin2γ + Dc 
cos2γ 
Measured Dφ 
(cm2.s-1) 
AA 493 90.0 Dφ = Dab 6.27 x 10-9 
AI 685 48.2 Dφ = Dab 0.56 + Dc 0.44 2.18 x 10-9 
L 685 74.5 Dφ = Dab 0.93 + Dc 0.07 1.94 x 10-9 
O 685 104.0 Dφ = Dab 0.94 + Dc 0.06 2.57 x 10-9 
P 685 90.0 Dφ = Dab 2.64 x 10-9 
U 685 45.4 Dφ = Dab 0.51 + Dc 0.49 1.11 x 10-9 
AL 783 161.6 Dφ = Dab 0.1 + Dc 0.9 5.59 x 10-9 
AM 783 65.9 Dφ = Dab 0.83 + Dc 0.17 3.81 x 10-9 
G 783 77.4 Dφ = Dab 0.95 + Dc 0.05 1.53 x 10-7 
 
The measured Dφ value from individual grains is plotted in Figure 5.18 and compared with 
D* values in bulk LNO from Kilner and Shaw [100] as the temperature regimes are 
comparable. There is limited agreement between the values for the oxygen tracer diffusion 
coefficient obtained by FIB-SIMS in individual grains and the values obtained in bulk 
LNO by Kilner and Shaw [100], and there is a wide spread of  Dφ values, suggesting large 
experimental errors. Using the same experimental method for La2-xSrxCuO4±δ, Claus et al. 
[152] observe a wide spread of the measured diffusion coefficient Dφ over two orders of 
magnitude, which is similar to the observations made here at 685°C and 783°C. In general, 
the values at 783°C and 685°C are between an order and half an order of magnitude lower 
than the bulk values measured by Kilner and Shaw [100] and at 493°C there is good 
agreement between the bulk and grain diffusion coefficients.  
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Figure 5.18 : Measured oxygen tracer diffusivity in LNO grains (Dφ), compared with bulk LNO by Kilner 
and Shaw [100] 
The calculated Dab and Dc values from individual grains are plotted in Figure 5.19 and 
compared with D* values in bulk LNO from Kilner and Shaw [100]. 
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Figure 5.19 : Calculated oxygen tracer diffusivity in LNO grains (Dab and Dc), compared with bulk LNO by 
Kilner and Shaw [100] 
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There is a wide spread of calculated Dab and Dc values and limited agreement with the 
measured values obtained in bulk LNO by Kilner and Shaw [100]. At 493°C the full 
contribution to the measured Dφ is from Dab, suggesting that for this measurement there 
has been no diffusion in the c-direction. At 685°C and 783°C, the diffusion coefficients are 
comprised of diffusion components in the a-b plane and the c-direction. The large scatter 
makes it difficult to identify any clear trends in the measured Dab and Dc diffusion 
coefficients, however at 685°C, mean Dab is approximately an order of magnitude greater 
than mean Dc. 
Diffusion of 18O in bulk LNO will be composed of diffusion through grain interiors and 
grain boundaries. Therefore, the measured diffusion coefficient of a single grain may also 
be affected by the diffusion properties of surrounding grains, such that diffusion of 
oxygen-18 not only occurs in the direction normal to the LNO surface but also may occur 
in the RD and TD directions, i.e. diffusion between adjacent grains. Based on the 
measurements in Section 5.2, no diffusion ‘tails’ were observed on the LNO diffusion 
profiles, suggesting that grain boundary diffusion is either equal to or less than that of the 
grain interior [137, 165]. The measured Dφ values shown in Figure 5.18 are lower than 
those in bulk LNO obtained by Kilner and Shaw [100], suggesting that diffusion from 
adjacent grains is not enhancing the measured diffusion coefficients. In this case it is 
possible that the grain boundaries are having a ‘blocking’ effect on the diffusion 
properties. This will have an influence on the measured Dφ and extracted Dab and Dc 
values, lowering them compared with D* values obtained by the linescanning technique 
where diffusion profiles are composed of oxygen intensities averaged over a larger area 
and from many grain interiors and grain boundaries. 
De Souza and Chater [166] highlight the importance of selecting the correct boundary 
conditions and sample geometry, commenting that using large slabs are preferred to small 
cubes as it reduces the diffusion problem from three dimensions to one. In the work 
performed here the grains chosen for FIB-SIMS have a 10-30 μm diameter in an attempt to 
minimise the effects of diffusion from adjacent grains, however this is still relatively small 
and given the long diffusion profiles and fast diffusion kinetics it is unlikely that diffusion 
will have been limited to one dimension in a single grain. The sample geometry is an 
important consideration, particularly for mass transport measurements of materials where 
anisotropy affects the properties. In single crystal diffusion measurements it is important to 
select crystals of sufficient size that, if the same crystal is to be used for a-b plane and c-
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axis measurements, diffusion along the c-axis occurs as a result of oxygen exchange from 
the atmosphere and not as a by-product of diffusion in the a-b plane ‘feeding’ 18O along 
the c-axis. This may contribute to the discrepancies between the single crystal data 
reported by Bassat et al. [102], and the oriented thin film work by Burriel et al. [103], 
where the c-axis diffusion coefficient measured in the thin films is approximately 3 orders 
of magnitude lower than that reported in the single crystal. 
The anisotropy factor, Dc/Dab of LNO has been reported as varying from 10-4 in thin films 
[103] to 10-2 in single crystals [102]. Claus et al. determine the values of Dab and Dc using 
Equation 5.11; in order to determine the degree of anisotropy that can be accurately 
determined using the single grain measurement method a sensitivity analysis was 
performed. In an effort to determine the magnitude of the diffusion coefficient that can 
accurately be determined by this method, the ratio, Dφ/Dab has been calculated using 
Equation 5.13 and substituting a range of values for γ. 
ab
c
ab D
D
D
D
γγϕ 22 cossin +=  Equation 5.13 
The calculated values of γ for LNO grains from Table 5.7, range from 45° to 180°, if the 
anisotropy factor, Dc/Dab is large then diffusion along the c-axis dominates, if the factor is 
small then the dominant diffusion direction is along the a-b plane. The calculated ratio, 
Dφ/Dab is given in Table 5.8 for a range of γ and Dc/Dab values. 
From experimental work [102, 103] and computational calculations [43, 77, 78] diffusion 
in LNO is greater in the a-b plane than along the c-axis. From Table 5.8, there is a narrow 
range of angle γ and anisotropy factor Dc/Dab where the measured diffusivity is not 
dominated by diffusivity along the a-b plane. Based on the experimental and fitting errors, 
it is reasonable to assume that the minimum level of detection where Dφ is not dominated 
by Dab is when Dφ/Dab < 0.1, i.e. there is an order of magnitude difference. This equates to 
the regime where γ is 165 º or greater and D ab is a factor of one hundred greater than Dc, or 
more. From Table 5.7, it can be seen that none of the grains tested display a γ value that is 
within this regime. 
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Table 5.8 : Calculated anisotropy factor, Dφ/Dab for a range of γ and Dc/Dab values 
 
100 10 1 0.1 0.01 0.001 0.0001 
45 50.5 5.5 1 0.55 0.505 0.5005 0.50005 
60 25.75 3.25 1 0.775 0.7525 0.75025 0.750025 
75 7.631743 1.602886 1 0.939711 0.933683 0.93308 0.933019 
90 1 1 1 1 1 1 1 
105 7.631743 1.602886 1 0.939711 0.933683 0.93308 0.933019 
120 25.75 3.25 1 0.775 0.7525 0.75025 0.750025 
135 50.5 5.5 1 0.55 0.505 0.5005 0.50005 
150 75.25 7.75 1 0.325 0.2575 0.25075 0.250075 
165 93.36826 9.397114 1 0.160289 0.076317 0.06792 0.067081 
180 100 10 1 0.1 0.01 0.001 0.0001 
 
If it is assumed that there are at least two orders of magnitude difference between Dab and 
Dc, from the work reported by other authors [43, 77, 78, 102, 103], then from Table 5.8, it 
can be seen that the measured diffusivity will be dominated by Dab and Dc will be outside 
the detectable limits. Therefore, the values of Dc are so small that it is not possible to 
extract these values with confidence and it is likely that in a grain with average diameter of 
only 20µm, diffusion of oxygen-18 along the a-b plane will provide a route for diffusion 
along the c-axis, falsely enhancing the Dc value. It is worth noting that for Grain AA and 
Grain P, the measured diffusivity is equal to the diffusion coefficient along the a-b plane, 
with no component from c-axis diffusion, and in all grains the measured diffusion 
coefficient Dφ is dominated by Dab. 
Bassat et al. [102] find the anisotropy of k* to be weak and Claus et al. [152] do not report 
k* values. It is difficult to determine k* from the EBSD/FIB-SIMS method because a 
relationship between crystallographic orientation and surface exchange cannot be applied 
in the way that it is for diffusion. Therefore, k* values from grain measurements are 
γ (°) 
Dc/'DE 
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plotted without correction for grain orientation in Figure 5.20, with k* values for bulk 
LNO from literature, to verify the fitted k* values. 
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Figure 5.20 : Oxygen surface exchange coefficients for LNO from individual grain measurements, compared 
with measurements in bulk LNO by Kilner and Shaw [100] 
The k* values from measurements in individual grains compares well with k* in bulk LNO 
at temperatures above 600°C, however at 493°C the grain measurement value is 
approximately an order of magnitude greater than the bulk value. This suggests that values 
at temperatures above 600°C are within reasonable limits, however there may be some 
inaccuracies at lower temperatures. The good agreement between k* values measured in 
individual grains and that of bulk LNO obtained by Kilner & Shaw [100] shown in Figure 
5.20, suggests that any surface modification from EBSD on the 18O isotopic fraction at the 
surface and therefore any effects this may have on k* values is not significant. 
In the study reported by Claus et al. [152] the authors perform the EBSD analysis prior to 
undertaking the oxygen exchanges. They do not comment on whether unique samples were 
used for each of the different exchange temperatures, however if the same sample was 
used, long 16O anneal times are required at each temperature to ensure full back-exchange 
of 18O. The timing of the oxygen exchange anneals is important as annealing at 
temperature can lead to surface reconstruction and the formation of terraces on the ceramic 
surface [167]. There is therefore some question as to the orientation of the surfaces 
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measured by Claus et al. given that oxygen anneals were performed after the EBSD 
analysis. In this work, EBSD was performed on the surface after the first oxygen isotopic 
exchange at 685°C, ensuring that no surface reconstruction would occur prior to SIMS 
measurements. However, the same sample was used for each exchange with an oxygen-16 
preanneal time greater than 60 hours between oxygen-18 anneals, therefore, some surface 
reconstruction may have occurred during oxygen anneals. The good agreement between k* 
obtained in single grains and that in bulk LNO reported by Kilner and Shaw [100] suggests 
this has not had a significant effect on k*. 
It is difficult to draw any definitive conclusions from the mass transport measurements on 
LNO using EBSD and FIB-SIMS due to the errors associated with this measurement 
method and the mathematical fitting. The lack of certainty in the diffusion values obtained 
using the EBSD and FIB-SIMS technique confirms the suitability of alternative techniques 
for determining the relationship between anisotropy and mass transport properties, such as 
oxygen isotopic exchange and SIMS of oriented thin films. Consideration on the size of 
single crystals for diffusion measurements must be made; if the same crystal is to be used 
for a-b plane and c-axis measurements, it must be of a sufficient size that diffusion along 
the c-axis occurs as a result of oxygen exchange from the atmosphere and not as a by-
product of diffusion in the a-b plane ‘feeding’ 18O along the c-axis. The oriented thin film 
work by Burriel et al. [103] and molecular dynamic calculations performed by Chroneos et 
al. [43] show a significant relationship between mass transport properties and anisotropy in 
LNO, with diffusion in the a-b plane being several orders of magnitude greater than that 
along the c-axis. It has not been possible to reproduce these observations here, suggesting 
that the experimental method is inappropriate for this type of measurement. 
5.3.3 Summary of Combined EBSD and FIB-SIMS Method 
The orientation of individual grains in bulk polycrystalline LNO has been calculated from 
Euler angles determined by EBSD. No preferential orientations or texture were observed 
on the thermally etched surface, confirming that linescan SIMS diffusion measurements of 
polycrystalline LNO represent an average value of all orientations. 
The measured diffusion coefficient, Dφ, of individual grains was determined by FIB-SIMS 
using a similar method to that of Claus et al. [152]. It was determined that large errors are 
associated with the fitted Dφ values, due to fitting of a limited length of the diffusion 
profile and large scatter in the profiles. Diffusion coefficients obtained from individual 
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grains appear to be lower than those obtained using the linescanning SIMS technique 
where isotope fractions are averaged over a larger area and many grains. It is possible that 
the diffusion coefficients measured from single grains are affected by grain boundary 
blocking, as the values are lower than those obtained in bulk anisotropic LNO [100].  The 
suitability of the method described by Claus et al. [152] was assessed by performing a 
sensitivity analysis of the diffusion coefficients in the major crystallographic directions, 
Dab and Dc. Values of k* have been obtained using FIB-SIMS in single grains, with good 
agreement to k* values measured from depth profiling over many grains in bulk LNO, 
however no relationship between k* and anisotropy has been established. 
The limitations and possible sources of error in establishing Dab and Dc using a combined 
EBSD/FIB-SIMS technique as described by Claus et al. [152], suggests that this technique 
is not suitable for determining the anisotropic diffusion properties in bulk materials. 
5.3.4 Correlating Orientation and Diffusion using ToF-SIMS 
As discussed above, there appear to be several limitations to using EBSD and FIB-SIMS 
to correlate grain orientation and diffusion in anisotropic polycrystalline materials. As an 
alternative to this method the possibility of using EBSD and ToF-SIMS was investigated; 
this has the added advantage of surface mapping and in theory allows the possibility of 
determining the cation surface fractions as well as 18O surface fraction. It could therefore 
be possible to identify whether the dominant surface in polycrystalline LNO was 
lanthanum, nickel or oxygen and which of these surfaces incorporated higher 
concentrations of 18O. 
In this investigation, the emphasis was on whether ToF-SIMS could be used to yield 
information about the surface composition of individual grains, which could then be 
related to the orientation. The surface of two different samples of LNO was investigated; 
the sample surface preparation and oxygen exchange conditions are summarised in Table 
5.9.  
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Table 5.9 : Samples investigated using ToF-SIMS to determine grain surface in polycrystalline LNO 
Sample Surface Preparation Exchange conditions 
A Polished to 0.25µm diamond paste 490°C, 12 min at 223 mbar 
B 
Polished to 0.25µm diamond paste 
followed by thermal etch (quenched 
from 1470°C after 2 hours) 
685°C, 25 min at 231 mbar 
 
All data was acquired using TOF-SIMs to obtain high resolution and intensity. The oxygen 
16O peak was saturated due to the high surface concentration and it was necessary to 
identify the molecular ions; the isotopic fraction was obtained from Equation 5.14. 
( ) 16181616
1618
OOOO2
OO
+×
 
Equation 5.14 
The sample surface was sputter cleaned and imaged to determine whether it was possible 
to see the grain structure. The images for the polished sample exchanged at 490°C are 
shown in Figure 5.21. 
The grain structure is clearly visible in both the lanthanum oxide (LaO2) image and the 
nickel oxide (NiO) image. The region where the 18O concentration is high (circled on 
Figure 5.21) appears to correlate to a region of high NiO intensity. It is expected that it 
would be possible to correlate an area where EBSD was performed to an area of surface 
imaging using ToF-SIMS. From this, the orientation could be related to images of the 
surface and depth profiles could be performed in individual grains. For the sample 
exchanged at 490°C for 12 min, depth profiles were performed in two regions of interest; 
one where there appeared to be a high 18O surface intensity from the image and one with a 
low 18O surface intensity. However, the 18O surface fraction from the two regions of 
interest confirmed that there had been no oxygen isotope exchange of this sample as the 
normalised surface oxygen isotopic fraction was zero. 
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Figure 5.21 : TOF-SIMS image element ratio map for LNO with polished surface, exchanged at 490°C for 
12 min at 223mbar; circled regions correspond to high intensity for 18O and NiO 
A similar process was undertaken for a sample of LNO which had been thermally etched 
and exchanged at 685°C for 25 min at 231 mbar; namely surface imaging and then depth 
profiling in regions of interest. The surface image is shown in Figure 5.22 and the regions 
of interest (R1 and R2) are indicated. 
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Figure 5.22 : ToF-SIMS image element map for LNO with thermally etched surface, exchanged at 685°C for 
25 min at 231mbar, regions identified for depth profiling are indicated 
From Figure 5.22 it is less clear whether the regions of high 18O concentration correlate 
with nickel or lanthanum surfaces. It is apparent that the imaged surface does not give as 
clear an indication of the grain structure as the polished surface shown in Figure 5.21. This 
is due to the thermal etching, which results in a local variations is height compared with 
the polished surface. Depth profiles performed at Regions 1 and 2 (indicated on Figure 
5.22) are shown in Figure 5.23; R1 correlates to an area with high 18O concentration on the 
surface and R2 with low 18O surface concentration. 
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Figure 5.23 : Normalised oxygen isotopic fraction in regions of interest for LNO with thermally etched 
surface, exchanged at 685°C for 25 min at 231mbar 
Again, there is a significant amount of scatter to the depth profiles, however it can be seen 
that in both regions the oxygen isotopic fraction is above background, confirming that 
oxygen exchange has occurred. The average 18O isotopic fraction for Regions 1 and 2 are 
0.0985 ± 0.0145 and 0.0753 ± 0.0144, respectively, indicating that the 18O isotopic fraction 
in Region 1 is higher than that in Region 2. This correlates with the element map in Figure 
5.22; R1 correlates to an area which appears to have a higher 18O surface fraction than R2. 
Comparing these depth profiles with one from the FIB-SIMS in a single grain in the same 
sample, a 18O surface fraction of 0.0741 ± 0.0052 is obtained, which is in good agreement 
with the ToF-SIMS values. The next step in the analysis of the ToF-SIMS depth profiles is 
to verify whether there is any detectable difference in the fraction of cation and molecular 
species with the aim of correlating this to the difference is 18O isotopic fraction. Figure 
5.24 shows the molecular ratios of nickel and lanthanum species in Regions 1 and 2. 
In Figure 5.24 it can be seen that the nickel and lanthanum element ratios do not appear to 
differ between Regions 1 and 2; therefore it is not possible to correlate an increased 18O 
isotopic fraction with differences in nickel or lanthanum fractions in this case. 
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Figure 5.24 : Ratio of nickel and lanthanum species in Regions 1 and 2 from depth profiles of LNO with 
thermally etched surface, exchanged at 685°C for 25 min at 231mbar  
This work has highlighted the potential for using ToF-SIMS combined with EBSD to 
obtain information about oxygen diffusion related to grain orientation. This preliminary 
investigation into LNO surfaces, grain orientation and oxygen isotopic exchange indicates 
that ToF-SIMS, in conjunction with EBSD, has the potential to yield a significant amount 
of information about oxygen incorporation in LNO, particularly relating to preferential 
surfaces and orientations. However further work is required to optimise the method and 
further work on polycrystalline LNO with larger grains (say 50 µm) is recommended to 
correlate grain orientation with diffusion in polycrystal LNO. 
5.3.5 Summary 
Diffusion and surface exchange measurements have been made in individual grains of 
anisotropic LNO. A combined EBSD and FIB-SIMS method for measuring the oxygen 
diffusion coefficient and calculating the diffusion coefficients along the a-b plane and c-
axis has been used. There are several sources of large error in these measurements which 
led to a wide spread in calculated Dab and Dc. The use of the linescan technique for 
measuring D* in polycrystalline LNO has been verified. 
The ToF-SIMS method provides an opportunity to obtain oxygen diffusion measurements 
at the same time as investigating the cation ratios. This technique has the potential to 
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provide significant information on diffusion and surface exchange properties of anisotropic 
materials. 
5.4 Chapter Summary 
The study of bulk diffusion and surface exchange in LNO has shown that LNO has a high 
oxygen tracer diffusion coefficient between 350°C and 700°C and the surface exchange 
properties can be improved by the addition of a silver layer. Recommendations for future 
work include use of the linescanning technique to determine whether the silver layer has 
any effect on the D* values of LNO. It would be expected that D* would not be affected 
by the silver surface layer as the diffusion in LNO is determined by the bulk material 
properties as opposed to the surface, which is the observation made by Raj et al. [158], 
however further work is required to confirm this. The activation energies of diffusion and 
surface exchange are lower than those previously reported in the literature and it is 
believed that this is associated with structural changes in LNO and an increase in oxygen 
interstitial concentration. The oxygen interstitial diffusion coefficient has been calculated 
and appears to show a trend similar to oxygen vacancy diffusion coefficient in perovskites.  
The relationship between anisotropy and measuring diffusion in polycrystalline LNO using 
combined EBSD and FIB-SIMS has been investigated. It has been determined that there 
are several limitations to this technique, which result in significant errors in the diffusion 
measurements and it has not been possible to determine Dab and Dc with certainty.  
A preliminary investigation of EBSD with ToF-SIMS has been undertaken as an 
alternative to the EBSD and FIB-SIMS method. Initial results indicate that a significant 
amount of information can be obtained using these techniques, however further work is 
required to optimise this. It is recommended that these techniques are applied to a sample 
with large grain size (> 50 μm) that is exchanged for a short time to generate shallow depth 
profiles (< 10 μm) and the relationship between grain orientation (using EBSD), surface 
termination planes, oxygen diffusion and cation concentrations (using ToF-SIMS) is 
investigated further. 
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Chapter 6 - Compatibility of LNO with 
IT-SOFC Electrolytes 
6.1 Introduction 
The performance of LNO as an IT-SOFC cathode is dependent on its compatibility with 
electrolyte materials. In addition, composite cathodes have shown promising performance 
with Laberty et al. [124] investigating a composite cathode based on LNO and samarium 
doped ceria. It is therefore important to investigate the reactivity of LNO and CGO10 to be 
able to better understand the electrode performance of LNO deposited on CGO10. We 
have previously investigated the structure and stability of LNO:CGO20 and LNO:LSGM 
composites by ex-situ ambient temperature XRD [97]. A significant reaction was observed 
between LNO and CGO20 after 24 hours at 900°C; however no reaction was identified 
between LNO and LSGM8282 up to 1000°C. These studies were performed using ex-situ 
XRD, that is, XRD was performed at room temperature after the composite had been 
annealed. Using this method it is not possible to monitor any reactions as they develop, as 
either a function of temperature or time, nor is it possible to identify whether there is any 
degree of reversibility to reactions on cooling. For this reason both in-situ and ex-situ 
studies have been made of LNO:CGO10 composites using high resolution synchrotron 
x-ray powder diffraction; Table 6.1 summarises the experiments. 
Table 6.1 : Summary of LNO:CGO10 composite experiments 
Composite Diffraction Technique Experiment Methodology 
LNO:CGO10 
50:50 wt% 
In-situ 
Synchrotron 
Heat and cool composite powder and  
obtain synchrotron XRD data in-situ 
LNO:CGO10 
x:(100-x) wt%, where 
x = 50 to 100 
Ex-situ 
Synchrotron 
Heat composite pellets to 900°C for 72 
hours, cool to RT, grind to powder and 
perform synchrotron XRD 
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6.2 In-situ Synchrotron X-ray Powder Diffraction Study 
The thermal stability of the LNO:CGO10 50:50wt% composite has been investigated by 
TGA/DSC and is discussed in Chapter 4. A low temperature orthorhombic to tetragonal 
phase change was observed between approximately 200°C and 400°C, which is associated 
with changes in oxygen stoichiometry of LNO. Above 400°C, there are no additional 
phase transitions detected by DSC and the oxygen content continues to decrease linearly 
on heating as expected. This suggests that there was no reaction in the composite during 
the TGA/DSC experiment. In-situ high resolution synchrotron x-ray diffraction studies 
were performed on the same composite. Diffraction patterns were collected from the 
composite during heating and cooling. Three different sample holder arrangements were 
used; a capillary with the open end exposed to the atmosphere (IS-1), a capillary with the 
open end sealed with commercial vacuum grease (IS-2) and a capillary with the open end 
sealed with commercial superglue (IS-3 and IS-4). A summary description of the in-situ 
experiments performed is given in Table 6.2; the capillary sealing was altered to determine 
whether there was any effect resulting from the availability of atmospheric oxygen. 
Table 6.2 : Description of in-situ synchrotron powder diffraction experiments performed on LNO:CGO10 
50:50 wt% composite (RT = room temperature, ~25°C) 
Expt 
number Capillary Sealing Experiment description 
IS-1 Open end unsealed 
Heat to 900°C collecting data at RT, 
350°C, 650°C, 900°C 
Cool to RT collecting data at  800°C, 
750°C, 700°C, 650°C, 350°C, RT 
IS-2 
Open end sealed with 
commercial vacuum 
grease 
Heat to 900°C collecting data at 350°C, 
650°C, 750°C, 850°C, 900°C 
Cool to RT collecting data at  800°C, 
750°C, 700°C, 650°C, 350°C, RT 
IS-3 Open end sealed with commercial superglue 
Heat to 820°C hold for 1 hour and 
collect data; increase to 940°C, hold and 
collect data every 30 minutes to observe 
the reaction develop in-situ 
IS-4 Open end sealed with commercial superglue 
Slowly heat to 800°C, collecting data 
every 50°C and then quench to RT 
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6.2.1 Experiment IS-1: Open-ended Capillary 
The synchrotron x-ray powder diffraction patterns of LNO:CGO10 50:50wt% composite 
in an open ended capillary are shown in Figure 6.1. 
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Figure 6.1 : Synchrotron powder diffraction patterns of LNO:CGO10 50:50wt% composite in an open ended 
capillary, for (a) 2θ range 14° to 18° and (b) 2θ range 14.8° to 15.6°; CGO peaks are indicated with a     
symbol, all other peaks are attributed to LNO (λ = 0.826471 Å) 
Peak 
shoulder 
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The diffraction patterns obtained during experiment IS-1 indicate that there is no reaction 
between the composite phases on heating and cooling in an open ended capillary. A phase 
change in LNO is observed, which is associated with oxygen loss upon heating and is in 
accordance with the observations made in Chapter 4; the phase fraction of the tetragonal 
I4/mmm spacegroup increases with temperature and decreasing oxygen content and is not 
reversible.  
Close inspection of the CGO peaks indicates a reduction in peak intensity and a 
broadening of the diffraction peaks to higher 2θ values on heating, suggesting structural 
changes in CGO, which are reversible on cooling. Figure 6.1(b) shows the major CGO 
peak at 15.18 °2θ on heating and after cooling to room temperature; the peak shift to 
smaller 2θ on heating is due to thermal expansion of CGO, i.e. no x-axis offset has been 
applied to the figure. It can be seen that with increasing temperature, the major CGO peak 
begins to broaden and a clear shoulder is visible at 900°C. It is worth noting that the 
structural change is apparent at relatively low temperatures, with a decrease in intensity 
and increase in peak width visible at 350°C. The cause of these changes is reversible as the 
CGO peak position and intensity at room temperature prior to heating (RT heat) are the 
same as that after heating and cooling (RT cool). Before investigating the composite 
further the origin of the structural changes observed in CGO is discussed. Prior to 
identifying the cause of this change, it is useful to briefly review the available literature 
pertaining to the structure of CGO; this is summarised below.  
Several authors have investigated the structure of the CeO2-Gd2O3 solid solution series 
[168-171], however there is still some uncertainty over the solubility limits and resultant 
structures. Brauer et al. [171] performed the first XRD studies of gadolinium doped ceria 
for Ce1-xGdxO1-δ with x = 0.1, 0.2 and 0.3 and reported a cubic fluorite structure with space 
group Fm3m.  Tianshu et al. [168] report that the solubility limit of GdO1.5 in CeO2 for the 
formation of a true solid solution is less than 25% and suggest approximately 20% as a 
reasonable limit. Tianshu et al. [168] suggest that for Gd <20% the structure is fluorite 
cubic (known as F-type structure) and above this doping level the structure is a mixed or 
transition structure composed of Ce0.8Gd0.2O2-δ with the fluorite structure and 
microdomains of cubic Gd2O3 (known as C-type structure). However the authors comment 
that this is not detectable by XRD due to the close relationship between the F-type and C-
type structures and for the higher dopant solutions the lattice parameters calculated by 
XRD are likely an average of the F-type Ce0.8Gd0.2O2-δ and C-type Gd2O3 microdomains. 
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Grover et al. [169] find that Ce1-xGdxO1-δ with x = 0.1 to 0.4  has the fluorite cubic 
structure and for x = 0.5 to 0.9 Ce1-xGdxO1-δ has the C-type cubic lattice. Stelzer et al. 
[172] investigate the phase diagram for Ce0.818Gd0.182O1.909−x and determine that there is no 
phase transition above room temperature but a miscibility gap composed of two fluorite 
phases up to 666°C. In all cases, for Ce0.9Gd0.1O1.95 (CGO10) all authors report a stable 
fluorite cubic type structure at room temperature. From an examination of the available 
literature no reports of a temperature dependent phase change in CGO10 were identified. 
To confirm this and exclude the possibility of a phase change in CGO10 from the cubic 
fluorite structure to a tetragonal structure, attempts were made to refine the peak splitting 
to the tetragonal spacegroup P42/nmc, however these resulted in an unrealistic fit.  
There are therefore two possibilities regarding the likely cause of this observation, namely, 
formation of two CGO phases of different stoichiometries either by gadolinium dissolution 
from the solid solution or gadolinium enrichment by segregation to the surface, or inter-
diffusion between the rare earth gadolinium in CGO and lanthanum in LNO. Kharton et al. 
[173] observe a change in lattice parameters of CGO20 and LSCF in a composite pellet 
after annealing at 1425°C for 12 hours by performing XRD after cooling to room 
temperature. The authors ascribe this to inter-diffusion of Gd and La between CGO and the 
perovskite LSCF phase. Given that the composite studied in this work is a loose powder 
and has not undergone any compaction it is unlikely that the LNO and CGO10 constituent 
phases are in intimate contact with one another, which would not be sufficient to enable 
inter-diffusion of the rare earth cations.  In addition, the low temperature at which the 
change in the CGO peaks is observed means it is highly unlikely that this observation is 
due to cation inter-diffusion. Kharton et al. [173] observe that the change in lattice 
parameters was not reversible on cooling, which is contradictory to the effect observed 
here and would further suggest that inter-diffusion of rare earth cations is not the cause of 
the changes in CGO. 
Tianshu et al. [168] determined the effect of gadolinium content on the lattice parameters 
of CGO and find that there is a maxima at approximately 25% dopant level. The authors 
report that the lattice parameters of CGO increase with doping up to 25% and then 
decrease (40% was the maximum dopant level investigated) and these changes are 
associated with the maximum solubility levels of GdO1.5 in CeO2. 
The effect observed here may be due to a change in the gadolinium content at the surface 
of CGO on heating which creates a two phase mixture, each with differing gadolinium 
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contents and therefore different lattice parameters. Gadolinium dissolution out of the solid 
solution would reduce the CGO lattice parameters and a mixed phase CGO10 and 
gadolinium deficient CGO10 phase could result in a diffraction pattern very similar to that 
observed here. However, equally an enrichment of gadolinium on the surface, which 
formed a phase with greater than 25% doping levels, would also result in a phase with a 
smaller lattice parameter. Scanlon et al. [174] investigated the surface composition of 20% 
doped CGO at room temperature and determined a gadolinium enriched surface of up to 
50%, which maintained the fluorite structure. It is therefore likely that the origin of the 
CGO peak splitting is associated with changes in gadolinium content at the surface leading 
to CGO compositions with different gadolinium concentrations. Attempts to perform 
Rietveld refinements of the diffraction patterns obtained at 650°C and above with two 
CGO phases indicated the presence of a third phase, visible as a shoulder to the CGO 
peaks, shown in Figure 6.2. 
 
Figure 6.2 : The observed (symbols) and calculated (line) diffraction patterns with difference plot and the 
phase markers for Rietveld refinement of LNO:CGO10 50:50 wt% composite in an open ended capillary (λ = 
0. 826471 Å) 
The position of the additional peak at higher 2θ values indicates that it is likely that this is 
associated with small quantities of the cubic phase Gd2O3 with spacegroup Ia3. In an effort 
to determine the CGO phase compositions LeBail fittings were performed on the 
synchrotron powder diffraction patterns to determine the lattice parameters of the CGO 
and Gd2O3 phases. Attempts to determine the Ce:Gd ratio of CGO from Rietveld 
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refinements of the diffraction patterns, led to unrealistic cation ratios and instability in the 
refinements.  
The diffraction patterns obtained at room temperature and 350°C were fitted to single 
phase CGO on heating and cooling, however the diffraction patterns obtained at 650°C and 
above were fitted to two CGO phases and Gd2O3. The lattice parameters obtained by 
fitting of the diffraction patterns for the CGO phases on heating and cooling are shown in 
Figure 6.3. The calculated lattice parameters for CGO10 are from the room temperature 
unit cell of 5.421 Å reported by Tianshu et al. [168] and a thermal expansion coefficient of 
11.9 x 10-6 K-1 [23]. The calculated lattice parameters for CeO2 are from the room 
temperature lattice parameter of 5.412 Å reported by Tianshu et al. [168] and a thermal 
expansion coefficient of 12.3 x 10-6 K-1 [23]. 
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Figure 6.3 : Lattice parameters for CGO phases on heating and cooling of a LNO:CGO 50:50wt% composite 
in an open ended capillary, the lattice parameters of CeO2 and CGO based on thermal expansion of the room 
temperature unit cell are given for comparison; error bars represent two estimated standard deviations 
determined from Rietveld refinement, however they are sufficiently small that they lie beneath the data 
symbols 
The lattice parameter of the room temperature unit cell prior to heating indicates a 
gadolinium dopant content of between 5 and 10%, based on comparison with the lattice 
parameters obtained by Tianshu et al. for various compositions [168]. On cooling from 
350°C to room temperature, CGO does not return to the original lattice parameter prior to 
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heating and the CGO unit cell is indicative of a Gd doping content of ~11%, which agrees 
well with the expected doping content of the starting material.  
At 650°C and above, CGO is refined to two different phases with the same fluorite 
(Fm3m) structure but different size unit cells and compositions. The composition of the 
CGO phases can be estimated from comparison of the refined lattice parameters obtained 
here with the room temperature lattice parameters determined by Tianshu et al. [168], 
taking in to account thermal expansion of the unit cells. The refined lattice parameter at 
350°C is less than the calculated value for CGO10, suggesting gadolinium dissolution 
from the structure. No additional gadolinium oxide peaks were identified at this 
temperature, however it should be noted that the major diffraction peaks for CGO and 
Gd2O3 are at almost identical 2θ values and if a small amount of Gd2O3 is present, it may 
not be possible to identify it in the diffraction pattern.  
At 650°C the CGO phases are refined to unit cells with lattice parameters below that of the 
expected value for CGO10. The lattice parameters of phase 1 in Figure 6.3 are in good 
agreement with those of CeO2 and this suggests that gadolinium dissolution has occurred. 
The lattice parameters of phase 2 are less than those of CGO10 again suggesting that 
gadolinium dissolution has occurred, however the unit cell is also smaller than that of 
CeO2. The origin of this observation is unknown, however based on the diffraction peaks 
positions this phase is closely related to CGO10 and CeO2. This indicates that the multi-
phase region is composed of two ceria-based phases with a gadolinium content each below 
10% and a Gd2O3 phase. The refined gadolinium oxide lattice parameter displays a linear 
increase on heating as expected from thermal expansion. 
6.2.1.1 Summary 
High resolution synchrotron x-ray powder diffraction has been used to study the changes 
in CGO structure on heating and cooling. CGO was present as a composite of 
CGO10:LNO 50:50 wt%; no reaction was observed between LNO and CGO10 on heating 
up to 900°C in an open ended capillary. CGO10 undergoes a compositional change on 
heating, which is reversible on cooling and appears to be associated with gadolinium 
dissolution from Ce0.9Gd0.1O2-δ, forming a multiphase composition of two low gadolinium 
content ceria-based phases and Gd2O3. On cooling to room temperature decomposition of 
CGO appears to be completely reversible and a single phase composition with an enriched 
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gadolinium content compared with that prior to heating is observed. This may be the origin 
of the gadolinium enrichment reported by Scanlon et al. [174].  
The same composite was investigated by high resolution synchrotron powder diffraction in 
a sealed capillary to investigate the effects of oxygen availability in the atmosphere on the 
composite behaviour. For the purposes of all subsequent Rietveld refinements in this 
chapter the CGO phase separation was fitted as two phases, CGO10 and CeO2, with 
different lattice parameters but both with the cubic fluorite structure and Fm3m 
spacegroup. 
6.2.2 Experiment IS-2: Sealed Capillary 
In experiment IS-2, a heating and cooling regime is applied to the composite and the open 
end of the capillary is sealed using commercial vacuum grease. The synchrotron 
diffraction patterns on heating from 650°C to 900°C are shown in Figure 6.4.  
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Figure 6.4 : Synchrotron diffraction patterns for a LNO:CGO10 50:50wt% composite on heating from 650°C 
to 900°C; CGO peaks are marked on the 650°C scan with a    symbol, all other peaks at 650°C are attributed 
to LNO; reaction peaks at 900°C are marked with a    symbol (λ = 0.826471 Å) 
No reaction between LNO and CGO10 in a 50:50wt% composite was observed below 
650°C, however at 750°C and above it is clear from Figure 6.4 that a reaction occurs upon 
heating in a sealed capillary. There are evident changes in the LNO diffraction pattern 
indicating structural changes to this phase. Comparison of the diffraction peaks belonging 
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to the CGO phase with those obtained in experiment IS-1, also indicates structural changes 
to CGO, which differ from those observed in IS-1 (namely changes in CGO composition 
resulting from gadolinium dissolution). Figure 6.5 shows the diffraction patterns for the 
composite at 900°C in experiment IS-1 (open ended capillary) and IS-2 (sealed capillary), 
the intensity has been normalised to the maximum intensity of the CGO peak to allow for 
comparison. 
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Figure 6.5 : Synchrotron diffraction patterns for a LNO:CGO10 50:50wt% composite at 900°C, in an open 
ended capillary (IS-1) and sealed capillary (IS-2); CGO peaks are marked with a     symbol, reaction peaks 
are marked with a    symbol (λ = 0.826471 Å) 
The diffraction peaks attributed to CGO phases in Figure 6.5 differ at 900°C in an open 
ended capillary (IS-1) and in a sealed capillary (IS-2), indicating structural differences due 
to a reaction. The reaction between the composite phases appears to be significant and 
changes in the intensity and position of peaks belonging to CGO and LNO suggest that 
both phases undergo structural changes. The absence of a reaction between the composite 
phases in an open ended capillary confirms that the reaction is sensitive to the atmosphere 
and it is likely that there is a pO2 dependence. 
In an effort to understand the reaction further Rietveld refinements were performed on the 
synchrotron powder diffraction patterns. The diffraction patterns recorded on heating to 
650°C and above were refined to the phases Ce0.9Gd0.1O1.95 (Fm3m), CeO2 (Fm3m), 
La2NiO4+δ (I4/mmm), La2O3 (P3m1) and Ni (Fm3m), suggesting that LNO decomposes 
into the constituent oxide La2O3 and pure nickel phase and there is segregation of Gd2O3 
from CGO forming CeO2. Attempts to include Gd2O3 in the refinement as a reaction phase 
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resulted in instability of the software, likely to be due to the large number of phases in the 
refinement and for this reason it has been omitted. However it is likely that Gd2O3 is 
present as a result of dissolution of gadolinium oxide from CGO, as observed in 
Experiment IS-1, described in Section 6.2.1. For all refinements the background was 
modelled using a Shifted Chebyschev function with thirty-two terms; the large number of 
background terms is required due to the presence of a background amorphous halo from 
the quartz capillary sample holder. A typical fitted pattern for the composite on heating to 
900°C is shown in Figure 6.6. The 2θ range 20° to 26° is shown in Figure 6.7, highlighting 
the numerous phases present. 
 
Figure 6.6 : The observed (symbols) and calculated (line) diffraction patterns with difference plot and the 
phase markers for Rietveld refinement of LNO:CGO composite of 50:50 wt% on heating to 900°C; χ2 = 
2.176, Rwp = 10.87% and Rp = 7.56% 
Key to phase markers: 
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Figure 6.7 : The observed (symbols) and calculated (line) diffraction patterns with difference plot and the 
phase markers for Rietveld refinement of LNO:CGO composite of 50:50 wt% on heating to 900°C showing 
20° to 26°2θ, highlighting La2O3 peaks and the Ni peak 
By examination of the diffraction patterns in Figure 6.6 and Figure 6.7, it is clear that the 
five phase system is an appropriate match for the composite. In Figure 6.7 the diffraction 
peaks belonging to La2O3 are clear at 20.7 °2θ and Ni can be seen as the low intensity peak 
circled at 23.2°2θ. The coincident partial decomposition of CGO is apparent by 
considering the peaks at 24.7° and 24.8°2θ in Figure 6.7. It is clear that there is more than 
a single peak at these angles and given the peak positions and intensities combined with 
the observations from Experiment IS-1 in Section 6.2.1 the most appropriate match is 
ceria, CeO2. 
From these observations, it is proposed that heating a LNO:CGO10 50:50wt% composite 
in a sealed capillary results in partial decomposition of LNO to La2O3 and Ni. Given that 
LNO does not decompose in a capillary with one end open to the atmosphere (experiment 
IS-1), it is reasonable to propose that the decomposition is associated with the oxygen 
atmosphere that the composite is exposed to. As discussed in Chapter 4, with a barrier 
layer of alumina between LNO and platinum, LNO displays no decomposition up to 
1000°C (higher temperatures were not investigated) and previous authors have reported 
phase stability of LNO up to 800°C in vacuum [86]. Therefore, it can be concluded that the 
observations made here are associated with the nature of the composite and not the 
constituent LNO and CGO phases independently. 
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Consideration of the diffraction patterns on heating indicates the presence of an 
unidentified phase, which appears to be present in low quantities and is highlighted on 
Figure 6.8. 
 
Figure 6.8 : The observed (symbols) and calculated (line) diffraction patterns with difference plot and the 
phase markers for Rietveld refinement of LNO:CGO composite of 50:50 wt% on heating to 900°C showing 
15° to 16.4°2θ and highlighting an unidentified phase 
Attempts to identify this phase were unsuccessful with neither a Gd2O3 phase nor a higher 
order Ruddlesden-Popper phase (La3Ni2O7-δ or La4Ni3O10-δ) matching. The broad peak 
width of the unidentified phase shown in Figure 6.8 indicates that the particle size is likely 
to be small and the low intensity indicates that it was present in small quantities. For these 
reasons it is likely that this phase would not significantly alter the outcome of the Rietveld 
refinements that have been performed. 
The refined phase fractions are given in Figure 6.9 and the change in the lattice parameters 
of the phases is shown in Figure 6.10. At 350°C the refined phase fraction of CGO and 
LNO are 53% and 47%, respectively, which is in good agreement with the room 
temperature values and corresponds well to the expected ratios of the starting composite. 
As the temperature is increased to 750°C the reaction phases have formed by 
decomposition of LNO and there is a linear decrease in the phase fraction of LNO with 
increasing temperature. This correlates to a linear increase in La2O3 from 5% at 750°C to 
22% at 900°C, indicating continuing decomposition of LNO with increasing temperature. 
The nickel phase fraction shows a small linear increase between 850°C and 900°C and is 
approximately 5% in this temperature range.  
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(b) 
Figure 6.9 : Refined phase fractions of LNO:CGO10 50:50wt% composite on heating in a sealed capillary 
(a) LNO based phases (b) CGO based phases; errors are twice the standard deviation from Rietveld 
refinement and in some places the error bars are sufficiently small that they are obscured by the data marker 
The CGO phase fraction shows a dramatic decrease between 650°C and 850°C, from 53% 
to 33%, however it then increases slightly between 850°C and 900°C from 33% to 35%. 
This behaviour corresponds to an increase in phase fraction for CeO2 between 650°C and 
850°C and a decrease between 850°C and 900°C.  
Figure 6.10(a) shows the ‘a’ and ‘b’ lattice parameters for tetragonal LNO and La2O3, 
Figure 6.10(b) shows the ‘c’ lattice parameter for LNO and La2O3, Figure 6.10(c) shows 
the lattice parameter for nickel and Figure 6.10(d) shows the lattice parameters for cubic 
CGO and CeO2, all as a function of temperature. 
Chapter 6 – Compatibility of LNO with IT-SOFC Electrolytes 
179 
650 700 750 800 850 900
3.900
3.902
3.904
3.906
3.908
3.968
3.970
3.972
3.974
3.976
3.978
'a
' L
at
tic
e 
Pa
ra
m
et
er
 (A
ng
st
ro
m
)
Temperature (oC)
 LNO
 La2O3
 
(a) 
650 700 750 800 850 900
6.180
6.185
6.190
6.195
6.200
6.205
6.210
12.705
12.710
12.715
12.720
'c'
 L
at
tic
e 
Pa
ra
m
et
er
 (A
ng
st
ro
m
)
Temperature (oC)
 LNO
 La2O3
 
(b) 
740 760 780 800 820 840 860 880 900 920
3.550
3.551
3.552
3.553
3.554
3.555
3.556
3.557
3.558
3.559
3.560
La
tti
ce
 P
ar
am
et
er
 (A
ng
st
ro
m
)
Temperature (oC)
 Ni
 
(c) 
Chapter 6 – Compatibility of LNO with IT-SOFC Electrolytes 
180 
300 400 500 600 700 800 900
5.430
5.435
5.440
5.445
5.450
5.455
5.460
5.465
5.470
5.475
La
tti
ce
 P
ar
am
et
er
 (A
ng
st
ro
m
)
Temperature (oC)
 CGO
 CeO2
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Figure 6.10 : Refined lattice parameters for (a) and (b) LNO and La2O3, (c) nickel and (d) CGO10 and CeO2, 
from Rietveld refinement of synchrotron diffraction patterns from heating a LNO:CGO10 50:50wt% 
composite; errors are twice the standard deviation from Rietveld refinement and in some places the error bars 
are sufficiently small that they are obscured by the data marker 
The lattice parameters of LNO increase between 650°C and 750°C, as expected due to 
thermal expansion. Above 750°C there is a deviation from linear behaviour as 
decomposition of LNO proceeds up to 900°C and the lattice parameters decrease as 
lanthanum and nickel diffuse out of the structure. The ‘a’ lattice parameter of La2O3 
(where ‘a’ = ‘b’) displays unusual behaviour and shows a significant decrease between 
750°C and 850°C of 0.006 Å and almost no change between 850°C and 900°C. This 
occurs at the same time as expansion of the unit cell in the ‘c’ direction leading to an 
overall increase in the unit cell volume on heating, despite contraction in the ‘ab’ plane. 
Neutron diffraction studies performed by Aldebert and Traverse [175] find that La2O3 is a 
hexagonal structure (P3m1) from room temperature to 1900°C. The origin of this decrease 
in the ‘ab’ plane lattice parameters is currently unknown; however it does not lead to a 
deviation from linearity of the phase fraction, seen in Figure 6.9. The lattice parameters of 
nickel, CGO and CeO2 display an almost linear increase with temperature, as expected 
from thermal expansion of the unit cell. 
Having identified the phases formed on heating of the composite in a sealed capillary, 
examination of the diffraction patterns on cooling, leads to further interesting observations. 
Figure 6.11 shows the synchrotron powder diffraction patterns of the composite after 
heating to 900°C and on cooling to room temperature (RT); CGO peaks are marked on the 
RT pattern with a    symbol, reaction peaks at 800°C are marked with a    symbol. 
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Figure 6.11 : Synchrotron diffraction patterns for a LNO:CGO10 50:50wt% composite on cooling from 
900°C to room temperature (RT); CGO peaks are marked on the RT scan with a    symbol, reaction peaks at 
800°C are marked with a    symbol (λ = 0.826471 Å) 
At room temperature the CGO peaks no longer appear split confirming that the structural 
changes in CGO are reversible on cooling, as seen in Experiment IS-1. The intensity of the 
major La2O3 peak at ~15.9°2θ reduces with decreasing temperature indicating a degree of 
reversibility to the reaction, however the reaction phase diffraction peaks are still clearly 
visible after cooling to room temperature. However, from inspection of the diffraction 
patterns on cooling it can be seen that at 350°C and at room temperature the intensity of 
the LNO peak at 17.4°2θ reduces and there is a new peak at ~17.2°2θ. Initial consideration 
of the position of the new peak at ~17.2°2θ indicated a higher order Ruddlesden-Popper 
phase however attempts to perform Rietveld refinement including the higher order 
Ruddlesden-Popper phases led to unsatisfactory matches. The most appropriate match to 
the peak splitting at ~17.2°2θ was obtained by refining with an orthorhombic LNO phase, 
with spacegroup Bmab. A Rietveld refinement of the data obtained at 350°C in the 2θ 
range 16.4° to 17.8° is shown in Figure 6.12. 
Change in LNO 
peak intensity 
and additional 
peak on cooling 
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Figure 6.12 : The observed (symbols) and calculated (line) diffraction patterns with difference plot and the 
phase markers for Rietveld refinement of LNO:CGO composite of 50:50 wt% on cooling to 350°C; χ2 = 
1.898, Rwp = 10.07% and Rp = 7.53% 
The peak splitting at 17.2 – 17.3°2θ can clearly be seen in Figure 6.12, showing the good 
fit obtained to orthorhombic LNO with spacegroup Bmab. The refined phase fractions at 
350°C on heating, after heating to 900°C and at 350°C on cooling are shown in Table 6.3. 
Table 6.3 : Refined phase fractions at 350°C on heating, after heating to 900°C and at 350°C on cooling of a 
50:50wt% LNO:CGO10 composite in a sealed capillary; the errors are twice the standard deviations 
determined from the refinements 
Phase Phase fraction at 350°C heat (%) 
Phase fraction at 
900°C (%) 
Phase fraction at 
350°C cool (%) 
CGO10 (Fm3m) 52.7 ± 0.1 35.0 ± 0.4 53.2 ± 0.2 
CeO2 (Fm3m) Not present 17.6 ± 0.5 Not present 
LNO (I4/mmm) 10.0 ± 0.6 21.0 ± 0.3 Not present 
LNO (Fmmm) 10.4 (fixed) Not present Not present 
LNO (Bmab) 26.9 ± 0.5 Not present 22.8 ± 0.3 
La2O3 (P3-m1) Not present 21.7 ± 0.4 18.5 ± 0.3 
Ni (Fm3m) Not present 4.8 ± 0.5 5.7 ± 0.6 
 
Key to phase markers: 
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In Chapter 4 it was observed that LNO undergoes a phase transition from bi-phasic 
orthorhombic at room temperature to tetragonal on heating with a mixed phase region at 
approximately 350°C and is non-reversible on cooling. The same observation is made in 
experiment IS-1 with a LNO:CGO10 composite in an open ended capillary. In a sealed 
capillary of a 50:50wt% composite of LNO:CGO10, LNO undergoes partial 
decomposition and an orthorhombic to tetragonal phase change, which is reversible on 
cooling. In addition, gadolinium dissolution from CGO occurs, which is reversible on 
cooling. From Table 6.3 it can be seen that there are very slight changes to the phase 
fraction of La2O3 on cooling from 900°C indicating that there is limited reversibility of the 
decomposition of LNO. There is an obvious phase change in LNO from tetragonal at 
900°C to orthorhombic on cooling to 350°C. This reversible phase change of LNO is only 
observed in a sealed capillary of LNO:CGO10 composite after partial decomposition of 
LNO on heating; it is not observed for LNO alone or in an open ended capillary of the 
same composite under the same heating and cooling regime. From this it can be concluded 
that the stability of LNO in a composite with CGO is dependent on the available oxygen 
from the environment. 
It is proposed that the decomposition process occurs by reduction of LNO, outlined in the 
reaction below 
La2NiO4+δ → La2O3 + Ni + ½ O2 
 Ceria is a well known redox catalyst due to its variable oxidations states, and fast oxide 
ion transport properties [176-179]. Reduction of ceria (where Ce4+ is reduced to Ce3+) 
results in the formation of oxygen vacancies and occurs by the process outlined below, 
'
2 22
1
CeOCeO CeVOCeO ++→+
••  
In the LNO:CGO composite studied here, we observe gadolinium dissolution from the 
CGO and the formation of multiple phases composed of CGO with reduced gadolinium 
doping and CeO2. It is therefore possible that ceria is present as a result of the gadolinium 
dissolution from CGO and is acting as a catalyst for the decomposition of LNO. This may 
have a significant effect on the performance of these materials combined in an SOFC 
device. 
Additional synchrotron experiments were performed to investigate the stability of the 
LNO:CGO10 composite in a capillary sealed with commercial superglue (Experiments IS-
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3 and IS-4). An important observation made in the studies of the composite in Experiments 
IS-3 and IS-4, is that no changes to the CGO phase were observed and CGO was refined as 
a single phase over the whole temperature range investigated.  
6.2.3 Experiment IS-3: Thermal Ageing 
The intention of experiment IS-3 was to heat the composite relatively rapidly (10°C per 
minute) and hold at temperature whilst obtaining diffraction patterns, in an attempt to 
observe the reaction as it develops and obtain an understanding of any time dependent 
kinetics. However, it transpired that the reaction occurred rapidly and after a dwell of 60 
minutes at 820°C, the reaction phases were already significantly developed. The 
temperature was then increased to 940°C and held for 13 hours with scans being taken 
with a dwell time of 30 minutes between data collections. 
Figure 6.13 shows the diffraction patterns obtained for the composite at room temperature 
prior to heating, after heating to 820°C and a dwell time of 30 minutes, after heating to 
940°C and a dwell time of 30 minutes and after a dwell time of 10 hours at 940°C.  
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Figure 6.13 : In-situ synchrotron diffraction patterns of LNO:CGO10 50:50 wt% composite after a range of 
dwell times, CGO peaks are indicated with a     symbol (λ = 0.8271 Å) 
From the diffraction patterns in Figure 6.13 it is clear that significant changes have 
occurred to the LNO phase of the composite upon heating to 820°C. The major LNO peaks 
Major LNO peaks almost 
disappear on heating to 820°C 
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at ~16.6°2θ and ~17.4°2θ have almost disappeared and there are new peaks visible at 
~14°2θ, ~15.5°2θ and ~16°2θ, which are assigned to La2O3. Increasing the temperature to 
940°C after a dwell time of 30 minutes results in a slight decrease in the LNO peak 
intensities and an increase in the intensity of the new peaks. After 10 hours at 940°C the 
remaining LNO peaks are no longer visible and the intensity of the reaction peaks has 
increased further. The changes in the composite with temperature suggest a 
thermodynamically driven process, however the differences in the diffraction patterns at 
940°C after 30 minutes and 10 hours dwell times, also suggests that the reaction kinetics 
display a time dependency. The reversibility of this was investigated in Experiment IS-4. 
6.2.4 Experiment IS-4: Quenching 
The synchrotron powder diffraction patterns of the composite at room temperature before 
heating, after 12 hours dwell at 800°C and after air quenching to room temperature are 
shown in Figure 6.14. 
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Figure 6.14 : Synchrotron powder diffraction patterns of LNO:CGO 50:50 wt% composite before heating 
(i.e. at room temperature), after 12 hours dwell at 800°C and after air quenching to room temperature, CGO 
peaks are indicated by a     symbol, all other peaks belong to LNO 
After 12 hours at 800°C, decomposition of LNO has occurred with additional peaks 
assigned to La2O3 and the major LNO peaks have almost disappeared. However from the 
diffraction pattern obtained after rapid air quenching to room temperature the reaction 
phase peaks have reduced in height and the LNO peaks have grown once more. LNO has 
adopted the orthorhombic structure, indicated by the peak splitting at 17.2° and 17.4°2θ, in 
LNO peaks reform 
on quenching  
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agreement with the structure observed on cooling in Experiment IS-2. This is important as 
it indicates that the reaction between LNO and CGO is at least in part reversible and 
therefore the analysis performed on composites ex-situ is likely to represent the phases 
present after a proportion of the reaction has reversed. 
6.2.5 Summary 
In-situ high resolution synchrotron powder diffraction studies of a powder of LNO:CGO10 
50:50wt% composite indicate that there is no reaction in an unsealed capillary. Changes to 
the CGO structure are observed and it is believed that these are associated with changes to 
the gadolinium content of the sample resulting in the formation of multiple gadolinium 
deficient CGO phases of slightly differing compositions. This is reversible on cooling and 
room temperature CGO is single phase.  Diffraction patterns from the same composite in a 
sealed capillary show a reaction between LNO and CGO on heating which results in the 
decomposition of LNO and formation of La2O3 and Ni phases. Studies of the phase 
development at constant temperature show a change in the diffraction patterns over time, 
indicating that the reaction is both thermodynamically and kinetically driven. On 
quenching to room temperature, the reaction displays a degree of reversibility, with 
reformation of LNO and a decrease in the phase fraction of La2O3 and nickel.  
It should be noted however, that the role of CGO in the reactions may either involve direct 
participation in a reaction with LNO by rare earth cation diffusion or may be as a redox 
catalyst in the form of CeO2 formed by gadolinium dissolution. CeO2 is a known redox 
catalyst and its presence may promote reduction of LNO to La2O3 and Ni, depending on 
the environmental and experimental conditions. 
In the rest of this chapter, the findings from ex-situ synchrotron x-ray diffraction of LNO 
based composites with CGO10 are discussed. 
6.3 Ex-situ Synchrotron X-Ray Powder Diffraction Study 
Ex-situ room temperature x-ray powder diffraction of various composite ratios of LNO 
and CGO10 was performed after annealing the composites at 900°C for 72 hours. The 
composites were compacted to form pellets and annealing was performed in a box furnace 
in ambient air. To ensure that any changes in the diffraction patterns after heating were due 
to the nature of the composite and not decomposition of a single phase, samples of 100% 
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LNO and 100% CGO also underwent the same heating cycles. After heating, no change in 
the diffraction patterns of the single phase samples was detected, indicating that any phase 
change in the composite is a result of the interaction between the components of the two-
phase system.  
A region of the synchrotron x-ray diffraction patterns on a 50:50 wt% composite heated 
for 72 hours at 900°C is shown in Figure 6.15.  
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Figure 6.15 : Synchrotron x-ray diffraction patterns for 100% LNO, 100% CGO and a 50:50 wt% composite 
heated for 72 hours at 900°C; CGO peaks are indicated by a   symbol and the reaction peaks with a     
symbol, all other peaks are attributed to LNO 
It is clear from Figure 6.15 that after heating to 900°C for 72 hours there are unidentified 
peaks at 14.1°, 14.8°, 17.0° and 17.2° 2θ indicating that there is a limited reaction between 
LNO and CGO10 in a 50:50 wt% composite. The very broad peak widths observed at 
approximately 14.8° 2θ and 17.2° 2θ may be due to several possible factors. Given the 
small step size (0.004° 2θ) used during the synchrotron experiments and the excellent 
resolution of the instrument, it is unlikely to be due to numerous overlapping peaks. 
Particle size is related to diffraction peak width by the Scherrer equation [156] and broad 
peaks generally correspond to small particle sizes, it is therefore possible that the reaction 
phase has a very small particle size.  
The broad peaks resemble an amorphous halo and may be indicative of poor long range 
order, perhaps in a LNO superstructure. Previous authors [91, 92] have identified a 
superstructure in oxygen excess La2NiO4+δ using TEM, and it is possible that with the high 
resolution on beamline I11, the additional peaks observed here could be a result of this and 
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the broad peak widths could indicate a superstructure. However, no superstructure has 
been identified from the study reported here.  
The diffraction patterns obtained at room temperature for the range of LNO:CGO 
composites are given in Figure 6.16. The diffraction patterns have been normalised to the 
intensity of the major LNO peak at ~16.6°2θ, the difference in the height of CGO peaks is 
due to the different ratios present in the starting materials.  
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Figure 6.16 : Synchrotron high resolution x-ray powder diffraction patterns of LNO:CGO10 composites, 
CGO peaks are indicated with a    symbol, the reaction phase with a    symbol, all other peaks are attributed 
to LNO (λ = 0.8271 Å) 
From Figure 6.16 it can be seen that a reaction phase or phases is present in all the 
composite ratios investigated, however to varying degrees. In the LNO:CGO10 90:10 wt% 
composition, there is a reaction phase peak at ~14°2θ and none at ~17°2θ, however this 
observation is reversed for the 60:40 wt% composition. It is worth noting that the extent of 
the reaction appears to increase with increasing CGO content suggesting that CGO plays 
an active role in the reaction. 
In contrast with the observations made on heating a LNO:CGO composite in-situ 
(experiments IS-2, IS-3 and IS-4), there was no indication of the presence of La2O3 as a 
reaction phase in any of the compositions. This may be due to the differences in oxygen 
partial pressure during the heating regimes of the composites (i.e. enclosed in a capillary 
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compared with open in a box furnace) leading to different reaction products. Alternatively, 
the slower cooling rate of the samples used in the ex-situ diffraction studies may result in 
complete recombination of the LNO phase after decomposition on heating (in the in-situ 
diffraction experiments, only partial recombination of LNO was observed). 
Rietveld refinements were carried out on the data collected at room temperature. 
Identification of the reaction phases was complicated by the small number of diffraction 
peaks and the relatively small peak heights, indicating small quantities of these phases. 
LNO was fitted to the orthorhombic Bmab phase, and attempts to fit to the tetragonal 
I4/mmm phase were unsuccessful as the peak splitting at 17.4° 2θ was not accurately 
modelled. 
The phase that was found to give the best fit to the sharp peak located at 17° 2θ in Figure 
6.15 was La3Ni2O7-δ (Fmmm), however the higher order 4-3-10 Ruddlesden-Popper phase 
also fitted the diffraction pattern peaks very well and the difference in Rwp and Rp values 
was less than 1%. From previous work by other authors on the long term stability of LNO, 
higher order Ruddlesden-Popper phases have been observed as a result of reactions 
between LNO and samarium doped ceria [96] or between Co-doped LNO and CGO [109].  
In addition no match was found for the broad peaks observed at 14.8° 2θ and 17.2° 2θ and 
no phase could be identified to fit the sharp peak observed at 14° 2θ; it is possible that this 
peak may be due to crystallisation of the quartz capillary (the major quartz peak would be 
present at ~14° 2θ), however ambient temperature diffraction of a sample capillary 
indicated that it was amorphous and therefore this is unlikely. 
Due to the low intensity and small number of the reaction phase peaks, it was not possible 
to definitively determine the reaction products in the composites from ex-situ diffraction 
and for this reason the refinements were performed with LNO and CGO phases only. A 
typical fitted pattern for the 50% composite is shown in Figure 6.17.  
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Figure 6.17 : The observed (symbols) and calculated (line) diffraction patterns with difference plot and the 
phase markers for Rietveld refinement of LNO:CGO composite of 50:50 wt% after heating to 900°C for 72 
hours; χ2 = 0.3698, Rwp = 9.99% and Rp = 7.63% 
Rietveld refinement of the LNO and CGO phases results in a good fit, which can be seen 
from the difference plot in Figure 6.17 and from the low goodness-of-fit parameters. 
Rietveld refinement of pure LNO and CGO phases and composites over the composition 
range 50% to 90% LNO, resulted in Rwp and Rp values of less than 10%, indicating a good 
fit over the range of compositions. The lattice parameters of pure LNO, pure CGO and the 
composite phases after heating to 900°C for 72 hours are shown in Figure 6.18.  
In Figure 6.18, the LNO lattice parameters in the composites differ from the pure material 
confirming structural changes in the LNO phase. The LNO unit cell expands in the ‘a’, ‘b’ 
and ‘c’ directions for compositions with 50% LNO up to 70% LNO and contracts in all 
directions for the compositions with 80% and 90% LNO. All the lattice parameters in 
Figure 6.18 show a deviation from trend at 80% LNO content, which indicates that the 
composite composition is critical to the reaction phase formation. 
Key to phase markers: 
CGO 
LNO 
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Figure 6.18 : (a) CGO lattice parameters (b) ‘a’ (c) ‘b’ and (d) ‘c’ lattice parameters of LNO in LNO:CGO10 
composites after heating to 900°C for 72 hours, errors are twice the standard deviation from Rietveld 
refinement 
Over the entire composition range, the CGO lattice parameter is greater than in the pure 
material, seen in Figure 6.18(a). There is an increase in the CGO lattice parameter between 
the compositions 50% and 30% CGO (50% and 70% LNO content), followed by a 
decrease between 30% and 10% CGO (70% and 90% LNO content).  
This indicates that structural changes occur in CGO and there are several possible causes 
of this. The changes in the CGO lattice parameter may be associated with changes in the 
gadolinium content resulting in differences in the composition, as observed in Experiments 
IS-1 and IS-2 in Sections 6.2.1 and 6.2.2. However, these changes were found to be 
reversible on cooling, and all the diffraction patterns obtained here were at room 
temperature suggesting that this is unlikely to be the cause of the structural changes to 
CGO. During the heating process, the composites are composed of an intimate mix of 
LNO and CGO made into compacted samples (pellets). There may be rare earth cation 
diffusion between lanthanum in LNO and gadolinium in CGO, which leads to changes in 
the lattice parameters of both CGO and LNO. It is worth noting that the LNO ‘a’, ‘b’ and 
‘c’ lattice parameters display the same trend as those of CGO, where there is an increase 
for compositions with an LNO content between 50% and 70%, followed by a decrease for 
an LNO content of 80% and 90 %, i.e. the CGO and LNO unit cells expand and contract 
over the same composition range. It would be expected that rare earth cation diffusion 
which led to an expansion of the CGO unit cell, would correlate to a contraction of the 
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LNO unit cell, which is not the observation made here. Therefore if rare earth cation 
diffusion does occur between LNO and CGO, there are also likely to be other factors 
affecting the changes in lattice parameters of the composite phases. This indicates that 
CGO is actively involved in the reaction with LNO and the reaction phases cannot be 
exclusively attributed to decomposition of LNO. 
6.3.1 Summary 
Ex-situ high resolution synchrotron XRD indicates that after heating to 900°C for 72 hours 
composites of LNO:CGO10 undergo oxidation of LNO to form a higher order 
Ruddlesden-Popper phase, La3Ni2O7-δ or La4Ni3O10-δ. Due to the similarity in the 
diffraction patterns of the higher order Ruddlesden-Popper phases and the apparently 
complex nature of the reaction, it is not possible to identify the reaction phases with 
certainty. However, it is clear that a reaction between LNO and CGO does occur, resulting 
in changes to the unit cells and can be detected by room temperature synchrotron x-ray 
powder diffraction after heating the composites to 900°C for 72 hours. It is interesting to 
note that the behaviour observed in compacted pellets of LNO:CGO composites differs 
significantly to that of a powder of the composites described in Section 6.2. 
6.4 Chapter Summary 
The x-ray diffraction studies undertaken on composites of LNO with CGO10 indicate that 
reaction phase formation and the extent of the reaction is highly dependent on oxygen 
partial pressure and oxygen availability in the environment, the thermal regime and the 
physical nature of the composite (i.e. powder or compacted pellet).  
From the in-situ synchrotron x-ray diffraction of LNO:CGO10 composites, there appears 
to be a complex set of reactions which occur and which are reversible to an extent. In a 
sealed capillary of LNO:CGO10 50:50wt%, LNO decomposes to La2O3 and Ni above 
650°C. These observations are important as composite cathodes are becoming common 
place in the next generation of IT-SOFC cathodes [10, 33, 38, 124]. Laberty et al. [124] 
commented recently on the applicability of La2NiO4+δ cathodes for fuel cell applications 
and concluded that it is unlikely that single phase cathodes could be used on YSZ, but that 
acceptable performance was obtained when composite bilayers were used. In their work a 
bilayer with a composition of La2NiO4+δ with samarium doped CeO2 (SDC) was used.  
Based upon the results obtained here it is questionable as to what the cathode composite 
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composition was, but there is clearly concern that a reaction has occurred; the work with 
CGO may not be directly translated to SDC, but further extensive compatibility studies are 
recommended. 
From in-situ experiments of LNO:CGO10 composites, LNO decomposes to La2O3 and Ni 
on heating, however room temperature x-ray diffraction studies of the same composite 
show no indication of La2O3 or Ni as the reaction products. This is very interesting as it 
indicates that an alternative reaction has occurred. There are numerous possible reasons for 
this, including differences in the heating regimes and environments (i.e. capillary and box 
furnace), differences in the composite state during heating (i.e. powder or compacted 
pellet) and differences in the heating times, any or all of which may have contributed to 
these observations. 
The ex-situ x-ray synchrotron powder diffraction of LNO:CGO10 composites with varying 
compositions and heated as pellets to 900°C for 72 hours indicate that a reaction occurs, 
however to a limited extent. The phase fractions of the reaction products are significantly 
low and their identification was not possible, however a reasonable fit is obtained with 
either of the higher order Ruddlesden-Popper phases, La3Ni2O7-δ and La4Ni3O10-δ. Ambient 
temperature x-ray diffraction of pure LNO that has been heated to 900°C for 72 hours and 
cooled does not show any signs of decomposition and remains single phase. In addition in-
situ high temperature XRD of LNO (with an alumina barrier layer to prevent oxidation of 
LNO by platinum) indicates that LNO remains single phase up to 1000°C (higher 
temperatures were not investigated). On this basis, any observed new phases or 
decomposition in composites of LNO and CGO are considered to be due to the presence of 
CGO and not a feature of LNO alone.  
In previously reported work [97], ex-situ XRD of heated compacted pellets, identified that 
no reaction occurred between LNO and LSGM8282, however there was significant 
reaction in LNO:CGO20 50:50wt% composites after heating to 900°C for 24 hours. The 
main reaction phase appeared to be a higher order Ruddlesden-Popper phase of lanthanum 
nickelate. The reaction products of LNO:CGO10 and LNO:CGO20 composites are closely 
related to one another, however the extent of the reaction was much more significant with 
a composite of CGO20 than CGO10. There is a relationship whereby the lower the 
gadolinium content in the CGO starting powder the less the phase fraction of the reaction 
phases forms. The degree of gadolinium doping affects the reaction and suggests that 
gadolinium diffusion is a significant factor for the reaction to proceed. This is encouraging 
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for the use of LNO in IT-SOFC devices as the standard electrolyte material is 
Ce0.9Gd0.1O1.95, which displays a much reduced reaction with LNO and suggests that the 
reaction may be able to be controlled by consideration of processing temperatures, times 
and doping contents. 
In an attempt to summarise the observed reactions in composites of LNO a series of 
schematic flow charts are presented in Figure 6.19 and Figure 6.20. 
 
Figure 6.19 : Schematic flow chart of in-situ reaction detected in LNO:CGO10 50:50wt% composite by high 
resolution synchrotron x-ray diffraction 
 
Figure 6.20 : Schematic flow chart of ex-situ reaction detected in LNO:CGO10 composites by high 
resolution synchrotron x-ray diffraction 
Based on work reported previously on LNO composites [97], the schematic flow charts in 
Figure 6.21 have been developed. 
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Figure 6.21 : Schematic flow charts of ex-situ reactions detected in LNO:CGO20 and LNO:LSGM8282 
50:50wt% composites laboratory x-ray diffraction 
The composite reaction flowcharts summarise the findings from this chapter and our work 
reported elsewhere [97]. It is clear, that there are a complex set of reactions which occur in 
LNO-based composites, which are not only temperature, time and oxygen partial pressure 
dependent but also appear to be dependent on the composite state (compacted pellet or 
loose powder). It is recommended that a detailed and systematic study is made of LNO 
composites with CGO and LSGM using high resolution synchrotron x-ray diffraction with 
controlled temperatures and oxygen partial pressures in an effort to further understand 
these complex reaction mechanisms. 
Having investigated composites of LNO with CGO10, the electrochemical performance of 
LNO cathodes with this electrolyte has been investigated and is presented in Chapter 7. 
The performance of LNO with LSGM8282 is included at the end of Chapter 7 for 
comparison. 
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Chapter 7 - Electrochemical 
Performance of LNO Cathodes 
7.1 Introduction 
The electrode performance of LNO has been assessed by Electrochemical Impedance 
Spectroscopy (EIS). A symmetrical cell arrangement has been used throughout to aid 
analysis of the characteristic impedance arcs. This is of benefit as there are at least two 
different processes that can be assigned to the cathode alone; by negating the need for an 
anode the impedance response is simplified and deconvolution of the characteristic arcs 
can be assigned to the electrolyte and cathode responses only. LNO cathodes have been 
studied with the electrolyte materials CGO10 and LSGM8282. In Chapter 6, it was seen 
that LNO undergoes an oxygen partial pressure dependent reaction with CGO and from 
previous studies [97] we have observed that there is no reaction between LNO and 
LSGM8282. One of the aims of this work is to identify whether the reaction with CGO10 
affects LNO cathode performance. 
The electrode performance is not only affected by the fundamental properties of the 
cathode material but is also dependent on processing and microstructural properties. For 
this reason, Section 7.2 addresses the optimisation of the cathode ink and a simple analysis 
of the impedance spectra is made to determine the arrangement that produces the lowest 
electrode resistances. In Section 7.3, symmetrical cells with the optimised ink with CGO 
are discussed; a detailed analysis of the electrode processes is performed and the 
relationship between cathode performance and oxygen partial pressure is investigated. 
Once the responses have been assigned and the cathode behaviour is discussed on a 
fundamental level, enhancement of the cell performance by using layered electrode 
structures is discussed. Finally, the electrode performance is related to the bulk material 
properties by fitting to the Adler-Lane-Steele (ALS) Model. A symmetrical cell 
arrangement with an electrolyte based on doped lanthanum gallate is discussed in Section 
7.3.5. 
On all AC impedance spectra figures in this chapter, the frequency in Hertz is indicated by 
the exponent. In all the impedance spectra recorded at temperatures where the electrolyte 
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arcs are outside of the detectable range of the Frequency Response Analyser (FRA), the 
electrolyte resistance is evident as an offset on the real axis. As it is the electrode response 
that is of interest, the electrode arcs have been normalised to zero on the x-axis to allow for 
direct comparison where this is the case. 
7.2 Electrode Ink and Deposition Development 
Ink compositions, deposition techniques and processing conditions were investigated to 
determine the conditions that result in the cathode arrangement with the lowest 
polarisation resistance (Rp). The microstructure of each arrangement is discussed based on 
SEM micrographs of the symmetrical cells and the performance assessed by analysis of 
AC impedance spectra. For this preliminary study of ink processing and deposition, 
electrode resistances have been determined using the basic ‘fit circle’ routine in the ZView 
software [180]; for the more rigorous analysis undertaken in Sections 6.3 and 6.4 an 
equivalent circuit model is used for AC impedance data fitting.  
All LNO powders were determined to be single phase by XRD, prior to ink synthesis. 
Three different ink compositions were investigated; the composition, ink processing 
method and deposition technique are summarised in Table 7.1. The results are summarised 
in Table 7.2 and Area Specific Resistances (ASR) of the electrode at a measurement 
temperature of 600°C were determined to make a quantitative comparison between inks. In 
all the impedance spectra recorded at 600°C the CGO electrolyte arcs are outside of the 
detectable range of the FRA as the time constant is too small, and in this case the electrode 
arcs have been normalised to zero on the x-axis. All impedance arcs that are measureable 
at this temperature are assigned to either oxygen ion transfer across the 
electrode/electrolyte interface or to the electrochemical processes associated with the 
electrode, namely, gas diffusion through the bulk of the electrode and charge transfer at the 
MIEC surface. Processes are assigned based on the capacitance values of the arcs, as 
shown by Irvine et al. [140] and adopted by numerous authors [96, 110, 181, 182] and 
consideration of the physical cell model 
In Chapter 4, it was observed that LNO powder synthesised by the Pechini method was 
nickel deficient, whereas the spray pyrolysis powder had a La:Ni cation stoichiometry of 
2:1. This difference in chemical composition is going to lead to differences in the electrode 
performance of the inks processed from the different powders. For this reason, the inks 
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have predominantly been assessed based on their processing conditions, microstructural 
properties and adherence to the electrolyte substrates. Note that Ink I1a and Ink I1b were 
tested with CGO20 electrolyte; all other cells were tested with CGO10. 
Table 7.1 : Cathode ink composition, processing method and deposition technique 
Ink 
Composition 
Powder: 
Vehicle 
Ratio by 
mass 
Ink 
Processing 
Deposition 
Technique 
Sintering 
conditions 
after 
deposition 
Ink 
LNO 
(synthesised by 
the Pechini 
method) in 
ethanol 
1:4 
Ink ballmilled 
for 90 hours, 
followed by 2 
mins ultrasonic 
pulsing 
Airbrush 
spray 
1000°C, 6 
hours I1a 
1100°C, 6 
hours I1b 
LNO 
(synthesised by 
the Pechini 
method) in 
proprietary ink 
vehicle (supplied 
by Gwent 
Electronic 
Materials) 
2:1 
Powder 
ballmilled. Ink 
mixed in pestle 
and mortar 
followed by 
triple roll 
milling 
Painting 
1100°C, 2 
hours 
I2a 
Screen 
printing I2b 
LNO 
(synthesised by 
spray pyrolysis) 
in proprietary ink 
vehicle (supplied 
by Fuel Cell 
Materials) 
2:1 
Powder 
ballmilled. Ink 
mixed in pestle 
and mortar 
followed by 
triple roll 
milling 
Screen 
printing 
1100°C, 2 
hours I3 
 
7.2.1 Performance and Characterisation of Ink I1 
SEM images of the two cells processed using Ink I1, with different sintering temperatures 
are shown in Figure 7.1. The cathode particle size ranges from 1- 4µm, with an irregular 
particle shape. The particle shape is a result of the ballmilling process, which is necessary 
to create an intimate mixture between the powder and the ethanol used in the ink 
suspension. There appears to be a reasonable level of porosity and limited inter-
connectivity between particles. The cell sintered at 1000ºC (Ink I1a) has greater variation 
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in electrode thickness compared with the cell sintered at 1100ºC (Ink I1b); electrode 
thicknesses are 5-8µm and 10-12µm respectively. The spray deposition method offers poor 
control of the thickness of the deposited layer, therefore the difference is likely to be due to 
the deposition technique rather than the variation in sintering temperatures. The cell made 
from Ink I1a displays poor adherence between the electrode and electrolyte layers, 
however some bridging particles appear to be present in the SEM micrograph (circled on 
Figure 7.1(a)). The adherence of Ink I1b was greatly improved as a result of the increased 
sintering temperature and this led to a significantly reduced resistance for the cell with ink 
I1b, seen in Figure 7.2. 
  
(a)  (b) 
Figure 7.1 : Symmetrical cell of LNO Ink I1, airbrush spray deposited on CGO20 and sintered at (a) 1000ºC 
for 6 hours and (b) 1100ºC for 6 hours, polished surface image 
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Figure 7.2 : AC impedance arcs from Inks I1a and I1b deposited on CGO, recorded at 600ºC 
The long term adherence of these layers was determined by visual inspection of the 
symmetrical cells and found to be poor; the layers readily delaminated and could become 
fully detached from the dense electrode.  
LNO CGO 
Resin 
CGO 
LNO Resin
 
5µm 5µm 
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7.2.2 Performance and Characterisation of Ink I2 
At 1100°C, good adherence of the electrode to the electrolyte was achieved, however to 
minimise particle growth of the electrode during this stage of the processing the time at 
1100ºC was reduced to 2 hours. Ink I2a was deposited by painting the cathode ink on the 
electrolyte by hand and Ink I2b was screen printed on to the electrode. SEM images of the 
resultant cells are shown in Figure 7.3. 
  
(a) (b) 
Figure 7.3 : Symmetrical cell of LNO Ink I2, on CGO10 deposited by (a) painting (b) screen printing, 
polished surface image. Note the different scale bars on images 
Particle size of the synthesised powder after ballmilling varied between 1 and 6 microns 
and the particle shape is irregular. The SEM micrographs indicate that there is some 
connectivity between particles and a reasonable level of porosity in Ink I2b. Both 
deposition techniques showed an improved long term adherence between electrode and 
electrolyte, compared with the airbrush spraying technique. The Ink I2a, which was 
deposited by painting, had an electrode thickness which varied from 70µm to 150µm, 
resulting in a non-uniform cathode thickness. This is compared with a thickness of 30µm 
for the screen printed ink (I2b). Large particle agglomerates are visible in the painted 
cathode layer, suggesting that there is poor interconnectivity between particles and non-
uniform porosity in the cathode layer. 
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Chapter 7 – Electrochemical Performance of LNO Cathodes 
202 
0 50 100 150 200
0
5
10
15
20
25
30
35
40
10-2
104
101
10-2
-Im
 Z
'' (
oh
m
.c
m
2 )
Re Z' (ohm.cm2)
 Ink I2a Painted
 Ink I2b Screenprinted
 
Figure 7.4 : AC impedance arcs from Inks I2a and I2b deposited on CGO10, recorded at 600ºC 
It is clear from the impedance spectra in Figure 7.4, that the painted electrode displays a 
polarisation resistance of an order of magnitude greater than the screenprinted electrode 
layer. This difference is a result of the increased thickness and poor particle connectivity 
and porosity observed with the painted layer. The increased thickness acts as a barrier to 
gas diffusion through the cathode and in conjunction with the limited particle connectivity 
there are a reduced number of active pathways for oxygen ion transport to the 
electrode/electrolyte interface.  
The impedance spectrum of Ink I2a has one smaller impedance arc at frequencies greater 
than 104 Hz (termed mid-frequency arc), followed by a larger arc at frequencies lower than 
104 Hz (termed low frequency arc) that may be composed of more than one overlapping 
arc. From inspection of the capacitance values for these arcs the electrochemical processes 
can be assigned [96, 110, 140]; the mid frequency arc has a capacitance in the order of 10-7 
F and the low frequency arc has a capacitance in the order of 10-4 F. Therefore, the mid 
frequency arc is assigned to oxygen ion transfer across the electrode/electrolyte boundary 
(termed the interface resistance, Rint) and the low frequency arc is assigned to the electrode 
processes of mass transport and charge transfer [96, 110]. In Figure 7.4, it can be seen that 
Ink I2a has much larger resistances for both the interface and the electrode components, 
compared with Ink I2b. The screen-printing deposition technique results in a significantly 
lower electrode/electrolyte boundary resistance, suggesting that there is much improved 
adherence at the electrode/electrolyte interface and therefore improved oxygen ion transfer 
at the boundary. In addition, the electrode resistance component is also significantly 
reduced in the screen-printed ink I2b, suggesting that there is improved mass transport 
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through the electrode as there is an improved network of active pathways (i.e. particle 
connectivity) and good porosity for adsorption of the gas phase on to the MIEC surface. 
The longer term adherence of the screen-printed ink is much improved compared with both 
the painted electrode layer and the airbrush sprayed layer. 
The overall ASR of Ink I2b is approximately half that of Ink I1a, confirming the improved 
performance with a sintering temperature of 1100°C. Ink I2b displays the same interface 
resistance as Ink I1b, however the overall ASR is slightly greater than that of Ink I1b, 
which may be associated with the slightly thicker electrode layer of 25 to 30 μm, 
compared with 10 to 12 μm.  
7.2.3 Performance and Characterisation of Ink I3 
In preparing Ink I3 the aim was to improve the powder properties prior to ink processing 
with the goal of reducing particle size and obtaining a more uniform particle shape, which 
would further improve the electrode performance. As received LNO powder (Cerpotech) 
was calcined at 1200°C for 2 hours with a heating/cooling rate of 150°C and ballmilled in 
ethanol for 24 hours to reduce the particle size and divide any sintered agglomerates that 
had formed during calcination. The SEM images of the powder before and after 
ballmilling are shown in Figure 7.5. 
  
(a) (b) 
Figure 7.5 : LNO powder synthesised by spray pyrolysis (a) after calcination at 1200°C for 2 hours and (b) 
after ballmilling 
From Figure 7.5(a), it can be seen that there is some sintering of the powder after calcining 
at 1250°C for 2 hours, however after ballmilling for 4 hours, the sintered agglomerates 
have been successfully divided. The particle size after ballmilling is in the range 1-2µm, 
9µm 10µm 
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which is a reduction of the particle size of the powders synthesised via the Pechini 
Method. In addition, from the SEM images the particle shape of the spray pyrolysis 
powder after ballmilling appears more uniform. 
Figure 7.6 shows SEM images of Ink I3 deposited on CGO10 after sintering at 1100°C for 
2 hours. 
  
(a) (b) 
Figure 7.6 : Symmetrical cell of LNO Ink I3 (a) on CGO10 deposited by screen printing and (b) electrode 
microstructure, fracture surface image 
The electrode layer has a thickness of approximately 15-20 µm. In Figure 6.6(b) there 
appears to be a small degree of sintering between adjacent particles, however there is a 
good degree of porosity visible in Figure 6.6(a) and there is an interconnected system of 
particles, suggesting there will be a large number of active pathways for gas diffusion. The 
small particle size increases the surface area and therefore the number of active TPB sites. 
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Figure 7.7 : AC impedance arcs from Ink I3 cell deposited on CGO10, recorded at 600ºC 
The mid frequency arc (>104 Hz) assigned to the electrode/electrolyte boundary resistance, 
is very small in Figure 6.7, indicating that good adherence has been achieved with the 
screen-printing method. The low frequency arc appears to be composed of more than one 
overlapping arc and is assigned to the electrode processes of mass transport and charge 
5µm CGO 
LNO 
2µm 
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transfer [96, 110]. The overall ASR is low compared with Inks I1 and I2, however the 
different cation stoichiometry of the LNO spray pyrolysis powder may also affect this. The 
calculated electrode resistances for all the symmetrical cells prepared are given in Table 
7.2. 
7.2.4 Summary of Ink Development and Deposition Parameters 
The features and performance of the different inks are summarised in Table 7.2. Ink I2a 
displays the largest ASR of all the configurations and it is apparent that paint deposition of 
LNO results in a thick and irregular electrode layer. This configuration has a large 
interface resistance, suggesting that oxygen ion transfer at the electrode/electrolyte 
boundary is inhibited, which may be a result of the inhomogeneous electrode layer, with 
large particle agglomerates and large areas of porosity resulting in a lower number of 
active pathways for oxygen diffusion and charge transfer. The poor long term adhesion of 
the airbrush sprayed cathode means that despite a reasonable ASR value being obtained for 
Ink I1b, this deposition method has not been investigated further. 
Table 7.2 : Summary of ink properties and symmetrical cell performance 
 Ink I1a Ink I1b Ink I2a Ink I2b Ink I3 
Particle 
size & 
shape 
1-4µm 
Irregular 
shape 
1-4µm 
Irregular 
shape 
1-6µm 
Irregular 
shape 
1-6µm 
Irregular 
shape 
1-2µm 
Uniform 
shape 
Porosity Reasonable Reasonable Poor Reasonable Good 
Electrode 
Thickness 5-8µm 10-12µm 70-120µm 25-30µm 15-20µm 
Electrode 
Adherence 
Poor long 
term 
Poor long 
term Reasonable Good Good 
Interface 
Resistance 
at 600°C 
(Ω.cm2) 
6.0 0.6 48.9 0.6 0.9 
Overall 
ASR at 
600°C 
(Ω.cm2) 
38.7 13.8 186.8 19.2 10.6 
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The small interface resistance values achieved with Inks I2b and I3 are not surprising 
given the improved adherence that was obtained by screen printing. However, a low 
interface resistance was also achieved for Ink I1b which was air brush spray deposited and 
long term adherence of the electrode layer was poor. It is possible that the low interface 
resistance achieved with Ink I1b is because the cell was tested with CGO20 as opposed to 
CGO10 and the reduced interface resistance is associated with surface exchange properties 
of the electrolyte (the origin of Rint is discussed in detail in Section 7.3). However, as ceria 
doped with 10% gadolinium is the predominant electrolyte material in use in commercial 
IT-SOFCs, this electrolyte composition is favoured and was used for all other 
electrochemical tests. 
The reduction in ASR observed for Ink I3 compared with Ink I2b, is a result of optimising 
the powder properties to reduce the particle size and particle shape, thereby increasing the 
surface area and the number of active TPB points. It should be noted that there is a 
difference in the electrode thicknesses between these configurations, however the 
thickness of Ink I3 is similar to that of Ink I1b, which results in the second lowest ASR 
observed and therefore this electrode thickness appears to be suitable for further study. 
The lowest overall ASR is obtained with Ink I3, which consists of a uniform powder with 
a small particle size suspended in a proprietary ink vehicle, deposited by screen-printing 
and sintered at 1100°C for 2 hours. This is the ink composition and deposition technique 
that has been used on all subsequent symmetrical cells studied in this chapter. 
7.3  LNO Electrodes with CGO10 Electrolyte 
Symmetrical cells of LNO screen-printed on to CGO10 have been investigated by AC 
impedance spectroscopy over the temperature range 300°C to 800°C, in static air, flowing 
oxygen and flowing argon. XRD was performed on the surface of the symmetrical cells 
after AC impedance and no secondary phases were identified. 
The performance of LNO on CGO10 in static air is investigated as a function of 
temperature, with the aim of determining the fundamental electrochemical processes and 
ASR values. The symmetrical cell performance under different pO2 atmospheres is 
discussed and the rate limiting process for the system is determined. A comparison with 
previously reported findings from the literature is made. 
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7.3.1 Symmetrical Cells in Static Air 
The low temperature impedance response (300°C) was initially investigated, where the 
electrolyte arcs are visible, to enable differentiation of the electrode arcs from the 
electrolyte. The mid-temperature (500°C) impedance spectra were then studied to enable 
identification of the electrode processes. Irvine et al. [140] detail typical capacitance 
values associated with possible phenomena, which provides a guide to assigning each 
contribution. Assignment of the impedance arc to the correct cell process can be further 
verified by testing a symmetrical cell of the electrolyte with platinum electrodes only. The 
relaxation frequency (fr) of each contribution from the cells can be plotted as a function of 
temperature and used as a reference to assign the components to the most appropriate cell 
process [110, 141].  
A Pt/CGO/Pt symmetrical cell is used for comparison and to enable correct assignment of 
the electrolyte resistances in the LNO symmetrical cell. The cell with platinum electrodes 
is discussed prior to discussion of the LNO/CGO/LNO symmetrical cell. 
Close inspection of the electrode response indicated the presence of a small impedance arc 
in the mid frequency range (105 to 5x103 Hz), situated between the electrolyte grain 
boundary arc and the large resistance electrode response. The mid-frequency arc and 
electrode response are shown in Figure 7.8. Note that at these temperatures the electrolyte 
arcs are outside the detectable range and they are evident as the offset on the real axis. 
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Figure 7.8 : Close up of impedance arcs of Pt/CGO/Pt cell showing a mid-frequency impedance response 
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Fitting the mid-frequency impedance arc with a resistor and constant phase element in 
series indicates that it has a capacitance value in the range 10-4 to 10-5 F, which is too high 
to be associated with the electrolyte and is an effect of the electrode. Bieberle-Hütter et al. 
[182] observe an impedance arc with the same capacitance values in the impedance spectra 
for a cell with the same arrangement and assign the response to either an electrode effect 
or a current constriction effect at the TPB as reported by Hertz et al. [183] and Fleig et al. 
[184]. On this basis, the same assignment to this impedance arc has been made here. 
Once the impedance response of the Pt/CGO/Pt symmetrical cell has been rationalised, 
assignment of the arcs for the symmetrical cell with LNO electrodes can begin. The 
impedance spectra for a symmetrical cell of LNO screen-printed on to CGO10 recorded at 
300°C is shown in Figure 7.9.  
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Figure 7.9 : AC impedance arcs from LNO screen-printed on to CGO10, recorded at 300°C 
It can be seen that there are 4 distinct arcs in the impedance response, corresponding to a 
high frequency arc (107 – 106 Hz), mid-frequency arc (106 – 103 Hz), mid to low frequency 
arc (103 – 10 Hz) and low frequency arc (< 10 Hz). In an effort to assign these arcs to 
processes in the symmetrical cell the relaxation frequencies were determined. The 
relaxation frequencies for symmetrical cells of LNO/CGO/LNO and Pt/CGO/Pt are given 
in Figure 7.10. 
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Figure 7.10 : Arrhenius plot of the relaxation frequencies for symmetrical cells with CGO electrolyte and 
LNO and Pt electrodes 
From Figure 7.10, it is apparent that there are four distinct components with different 
frequency ranges in both symmetrical cells. The high frequency and mid frequency 
responses are assigned to the electrolyte bulk and grain boundary respectively and the low 
frequency response is assigned to the electrode response. There is an additional mid to low 
frequency response at temperatures of 600°C and below in both symmetrical cells. In 
symmetrical cells of LNO with the electrolytes YSZ [110] and samarium doped ceria [96] 
this response is assigned to oxygen ion transfer across the electrode/electrolyte boundary 
to the electrolyte. Perez-Coll et al. [96] observe that this process may be governed by the 
ionic transport of the electrolyte and should not be oxygen partial pressure dependent. As 
discussed in Section 7.3.2 the size of the resistance associated with the arc observed here is 
independent of partial pressure, in agreement with the observation made by Perez-Coll et 
al. [96], indicating that this response is due to oxygen ion transfer across the 
electrode/electrolyte boundary. Based on this, the resistance and pseudo-capacitance 
associated with oxygen transfer across the interface are labelled Rint and Qint respectively. 
The equivalent circuit model used to fit the symmetrical cells at 300°C is shown in Figure 
7.11. 
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Figure 7.11 : Equivalent circuit used to fit LNO/CGO10/LNO cell data recorded at 300°C; where R and C 
represent the resistances and the capacitances for the electrolyte bulk and grain boundary, respectively and R 
and Q represent the resistances and pseudo-capacitances associated with the interface and the cathode 
The fitted resistances and capacitances for the electrolyte and electrode components from 
the equivalent circuit in Figure 7.11 are given in Table 7.3. The fitting errors associated 
with the equivalent circuit model in Figure 7.11 are all low, suggesting that the model is a 
good representation of the electrochemical processes for the symmetrical cell. 
Table 7.3 : Fitted data for LNO/CGO10/LNO cell recorded at 300°C based on the equivalent circuit model in 
Figure 7.11 
Element R (Ω) Q (F) n Calculated Capacitance (F) 
Electrolyte 
bulk 635.1 ±6.2 
6.13 x 10-11 
±1.44 x 10-12 - - 
Electrolyte 
grain boundary 454 ±7 
1.08 x 10-8 
±2.41 x 10-10 - - 
Interface 3079 ±26 1.02 x 10
-5 
±3.41 x 10-7 
0.59    
±5.47 x 10-3 4.69 x 10
-4 
Cathode 8056 ±488 1.41 x 10
-3 
±3.97 x 10-5 
0.70    
±1.46 x 10-2 4.05 x 10
-3 
 
The presence of the impedance arc assigned to oxygen ion transfer across the 
electrode/electrolyte boundary (Rint) observed in the CGO symmetrical cell may be due to 
structural incompatibility at the electrode/electrolyte interface. As discussed in Chapter 2, 
LNO has a perovskite-based K2NiF4 structure, comprising alternating layers of LaO 
(rocksalt structure) and LaNiO3 (perovskite structure) and CGO10 is a cubic fluorite 
structure with space group Fm3m and a lattice parameter a = 5.42 Å [185]. In Chapter 4 it 
has been shown that at temperatures greater than ~450°C LNO is tetragonal with space 
group I4/mmm and lattice parameters a = b = 3.88 Å and c = 12.67 Å. If the unit cells at 
the interface are orientated in such a way as to be ‘cube on cube’, this indicates a structural 
mismatch between LNO and CGO of approximately 70% in the a-b plane and 
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approximately 230% in the c-axis direction. However, at temperatures below ~450°C LNO 
has a significant orthorhombic phase and through a         √2D  relationship, in spacegroup 
F4/mmm, the lattice parameters of LNO would be a = b = 5.49 Å and c = 12.67 Å and 
there is almost no structural mismatch in the a-b plane but still a mismatch of 230% in the 
c-axis direction. 
Similar impedance arcs are observed with symmetrical cells of LNO with the electrolytes 
YSZ and samarium doped ceria [96, 110], also both with the fluorite structure and similar 
lattice parameters. The difference in structure between the electrode and electrolytes may 
be affecting the oxygen ion transport across the interface. In addition, the presence of Rint 
in the CGO symmetrical cell may be a result of the observed reaction between LNO and 
CGO (discussed in detail in Chapter 6). The origin of the resistance Rint is discussed 
further in Sections 7.3.3 and 7.3.5. 
The value of the interface resistance, Rint, will be affected by the formation of any barrier 
layers which result from secondary phases formed by contact between the electrode and 
electrolyte. Additional phases have been observed when LNO is in contact with CGO 
(Chapter 6). It is possible that LNO and CGO have reacted during the cell processing stage 
forming a reaction phase at the boundary and as a result of the presence of a third phase 
there is an additional resistance associated with oxygen ion transport across the interface.  
At 300°C, the cathode impedance arc is resolved as a single response, however at 
temperatures of 400°C and above, the electrode arc can be resolved in to two constituent 
components. The impedance spectra obtained for the LNO/CGO10/LNO cell at 500°C is 
shown in Figure 7.12 with the equivalent circuit model used in the fitting.  
The total polarisation resistance, Rp (the total resistance associated with the electrode), is a 
summation of the electrode terms, where,  
 21int ppp RRRR ++=  Equation 7.1 
The fitted resistances and capacitances from the equivalent circuit shown in Figure 7.12 
are tabulated in Table 7.4. 
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Figure 7.12 : AC impedance arcs from LNO screen-printed on to CGO10, recorded at 500°C with equivalent 
circuit; where Rohmic is the resistance attributed to the electrolyte, Rint is the resistance assigned to the 
electrode-electrolyte interface and Rp1 and Rp2, are the resistances associated with the cathode, and Q is the 
constant phase element associated with each process 
Table 7.4 : Fitted data for LNO/CGO10/LNO cell recorded at 500°C based on the equivalent circuit model in 
Figure 7.12 
Element R (Ω) Q (F) n Calculated Capacitance (F) 
Rohmic 138.90±0.35 - - - 
Interface 12.73±0.38 5.55 x 10
-6 
±5.53 x 10-7 
0.75 ±1.24 
x 10-2 1.40 x 10
-5 
Cathode 1 65.32±2.07 7.57 x 10
-3 
±7.26 x 10-5 
0.58 ±3.52 
x 10-3 4.52 x 10
-3 
Cathode 2 64.13±2.04 3.94 x 10
-2 
±1.88 x 10-3 
0.84 ±7.17 
x 10-3 4.67 x 10
-2 
 
The errors associated with the fitted values are all low, confirming the suitability of the 
equivalent circuit model. The assignment of the electrochemical processes is based on the 
capacitance values and consideration of the physical symmetrical cell model. The cathode 
processes in a LNO/CGO10/LNO symmetrical cell are oxygen diffusion through the bulk 
cathode material and charge transfer at the cathode surface, however additional processes 
at the electrode may include gas phase diffusion, solid state diffusion and surface exchange 
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[186]. At temperatures above 600°C the arc assigned to oxygen ion transport across the 
electrode/electrolyte boundary is no longer visible and the LNO/CGO10/LNO symmetrical 
cell can be modelled using the equivalent circuit shown in Figure 7.12 minus the interface 
components Rint and Qint. Attempts to model the electrode response at temperatures above 
600°C including these components results in significant errors for Rint, confirming the 
exclusion of these in the equivalent circuit model. 
The ASR values for LNO and Pt electrode systems with CGO10 have been calculated and 
are plotted in Figure 7.13. The activation energy (Ea) for the total polarisation resistance is 
calculated from the Arrhenius relationship given in Equation 7.2, 
( ) ( )
RT
ERASR ap −= lnln
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Figure 7.13 : Measured ASR for symmetrical cells of LNO and Pt electrodes with CGO10 electrolyte in air 
At 600°C and below, the LNO symmetrical cell has a significantly lower electrode 
resistance than the symmetrical cell with Pt electrodes, shown in Figure 7.13. As the 
temperature increases the difference in ASR decreases, with the Pt electrodes displaying 
similar resistances to the LNO electrodes at 700°C and at 800°C the Pt/CGO/Pt cell has a 
significantly lower ASR than the LNO/CGO/LNO cell.  
The performance of LNO on YSZ has been studied by Mauvy et al. [110] and Laberty et 
al. [124], who reported ASR values of 10        Ω.cm2 at 600°C and 1.8     Ω.cm2 at 800°C 
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respectively. The ASR values obtained here on CGO are 10.65   Ω.cm2 at 600°C and 6.68 
Ω.cm2 at 800°C, which is similar to those of Mauvy et al. on YSZ and greater than that 
reported by Laberty et al. It should be noted that in the impedance cell arrangement used 
by Laberty et al. an additional current collection layer is added to the surface of the 
electrode; the effect of this on CGO symmetrical cells is investigated in Section 7.3.3. 
Perez-Coll et al. [96] report an ASR of 0.4 Ω.cm 2 at 800°C, for LNO on samarium doped 
ceria, which is an order of magnitude lower than the value obtained here. However, again, 
it is important to note that in the symmetrical cell arrangement of Perez-Coll et al. [96] an 
additional platinum current collection layer is incorporated. 
At 750°C the ASR is 4.84   Ω.cm2 and at 800°C the ASR is 6.68   Ω.cm2 for the LNO cell, 
i.e. there is an apparent increase in the ASR with an increase in temperature, which is 
unusual; typically ASR decreases with increasing temperature. This may be due to the start 
of the reaction observed between LNO and CGO (discussed in Chapter 6). It has been 
reported that for an effective SOFC cathode a target ASR of 0.15    Ω.cm2 is desired [12]. 
The ASR values here are over an order of magnitude greater than the target value; the 
effect of layered cathode structures has been investigated with the aim or reducing these 
ASR values and are discussed in Section 7.3.3. 
There is a change in the activation energy of the LNO symmetrical cell at approximately 
650°C to 700°C, suggesting that there is a change in the dominant electrode process. This 
observation is in agreement with that of Shaw [187], who observes a deviation from linear 
behaviour at approximately 630°C and comments that the origin of this transition is 
unclear. In Chapter 5 it was observed that the activation energy for diffusion in bulk LNO 
decreases with decreasing temperature, which is the opposite of the observation made here. 
This would suggest that the change in activation energy is associated with charge transfer 
and the electronic conductivity of LNO as opposed to the mass transport. LNO undergoes 
a semi-conductor to metallic transition at approximately 600K [115, 188-190] and Amow 
et al. observe the maximum electronic conductivity of approximately 90 S.cm-1 in LNO in 
the region of 400°C whereupon it decreases to approximately 55 S.cm-1 at 800°C [53]. 
There is the possibility that the change in slope of the polarisation resistance in the region 
of 700°C is associated with the decreasing electronic conductivity of LNO. This would 
also contribute to the high ASR values observed at these temperatures. In an attempt to 
understand this observation further, the symmetrical cell performance in different oxygen 
partial pressure environments has been investigated and is discussed in Section 7.3.2. 
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7.3.2 Symmetrical Cells in Variable Oxygen Partial Pressure Atmospheres 
A detailed analysis of the cathode processes in air has been carried out in Section 7.3.1 to 
elucidate the fundamental electrochemical processes involved in symmetrical cells with a 
LNO cathode and CGO electrolyte. To provide an insight into the rate controlling step and 
electrochemical processes at the cathode, AC Impedance spectroscopy was performed on 
symmetrical cells at different oxygen partial pressures. 
In this section, the parameter Rcathode (termed the cathode resistance, as opposed to Rp the 
total polarisation resistance) is introduced to represent the resistance assigned to the 
cathode processes and is a summation of Rp1 and Rp2 (i.e. the low frequency electrode 
arcs). As in the work of Mauvy et al. [110], Rint has not been included in Rcathode, as it is 
considered to be dependent on the electrolyte properties and although Rint should be 
included in the ASR values it is not necessarily strictly a cathode dependent process. 
Impedance arcs for a LNO/CGO10/LNO symmetrical cell at 500°C in different oxygen 
partial pressure environments are shown in Figure 7.14.  
0 20 40 60 80 100 120 140
0
20
40
60
80
10-1
10-2
10-2
10-2
105
-Im
 Z
'' (
oh
m
.c
m
2 )
Re Z' (ohm.cm2)
 1 atm
 0.2 atm
 4.3x10-3 atm
 
Figure 7.14 : AC Impedance arcs from symmetrical cells of LNO screen printed on CGO10, recorded at 
500°C 
The impedance arc at 105 Hz in Figure 7.14 is independent of oxygen partial pressure, 
supporting the theory that it is a result of oxygen ion transfer across the 
electrode/electrolyte boundary. The thermal dependence of the cathode resistance in the 
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low frequency range (sum of Rp1 and Rp2) was studied under different oxygen partial 
pressures, shown in Figure 7.15. 
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Figure 7.15 : Arrhenius plots of cathode polarisation resistance of a LNO/CGO10/LNO symmetrical cell 
under different oxygen partial pressures 
The lowest cathode resistances are obtained at high oxygen partial pressures over the entire 
temperature range studied. This is to be expected as the rate of the oxygen reduction 
reaction increases with oxygen partial pressure due to increased availability of oxygen ions 
in the gas phase. In addition, Al Daroukh et al. [114] find the oxyen stoichiometry of LNO 
to increase with oxygen partial pressure and therefore, when exposed to an oxidising 
environment, there will be an increase in the oxygen interstitial concentration of LNO. As 
discussed in Chapter 5, diffusion in LNO occurs via an oxygen interstitialcy mechanism 
and an increase in oxygen interstitial concentration has been shown experimentally to 
reduce the activation energies for oxygen surface exchange and diffusion. Therefore an 
increase in the oxygen partial pressure of the local environment may result in increased 
rates of diffusion through the bulk electrode material in the symmetrical cell. 
In all oxygen partial pressure environments there is an increase in Rcathode between 750°C 
and 800°C, as observed for the ASR in air shown in Figure 7.13. It is worth noting that if 
this increase in the cathode resistance is due to the reaction between LNO and CGO then 
the reaction appears to be independent of oxygen partial pressure over the range studied 
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here. In Chapter 6 the reaction between CGO and LNO is discussed in detail and it is 
observed that the reaction is very sensitive to temperature, time, pO2 and the nature of the 
composite (compacted solid or powder). It is therefore not possible to confirm whether the 
reaction between LNO and CGO10 is the origin of this deviation from linearity, however 
the reproducibility of this deviation observed by AC impedance, despite the use of 
different pO2 regimes suggests that the increase in Rcathode between 750°C and 800°C is not 
associated with a reaction between electrode and electrolyte materials. This is discussed 
further in Section 7.3.5, where LNO performance is assessed with the electrolyte 
LSGM8282. 
In Figure 7.13, a change in the activation energy of the electrode polarisation resistance 
(Rp) is observed between 650°C and 700°C, which is thought to be associated with 
decreasing electronic conductivity of LNO. This change is also observed in Figure 7.15, 
suggesting that the cause of the deviation from linear behaviour is independent of oxygen 
partial pressure. 
The activation energy of the cathode resistance (Rcathode) of LNO at different oxygen 
partial pressures is given in Table 7.5 for the linear region 450°C to 700°C. There appears 
to be no change in the activation energy of the cathode resistance as a function of oxygen 
partial pressure, between 450°C to 700°C, suggesting that the electrode processes are the 
same over this temperature and pressure regime. 
Table 7.5 : Activation energies for cathode polarisation resistance of LNO/CGO/LNO symmetrical cell 
(450°C to 700°C) 
Oxygen partial pressure 
(atm) 
Calculated Activation 
Energy (eV) 
1.0 0.83 ± 0.11 
0.2 0.88 ± 0.15 
4.3 x 10-3 0.89 ± 0.24 
 
The relationship between the cathode resistance and oxygen partial pressure, can be 
expressed by the following relationship [191, 192], where, k is a constant. 
( ) ncathode pOkR −= 2.  Equation 7.3 
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The value of the exponent, n, can provide information on the species involved in the 
electrode reactions 
• n = 1  O2(g) ↔ O2, ads     
Oxygen molecular adsorption on the electrode surface 
• n = 0.5  O2, ads ↔ 2Oads    
Oxygen molecular dissociation to form atomic oxygen 
• n = 0.25 Oads + 2e' + VO¨ ↔ Oox  
Charge transfer reaction on the electrode 
The dependence of Rcathode on the oxygen partial pressure at different temperatures 
provides information on the electrode mechanism and is shown in Figure 7.16; the values 
of the exponent n in Equation 7.3 are shown on the figure. Care needs to be taken when 
extrapolating information from Figure 7.16, as the data series is made up of only three 
points, however, it can be used as a guide to changes in trends between the different 
temperatures. 
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Figure 7.16 : Dependence of the cathode resistance on oxygen partial pressure for LNO at different 
temperatures 
0.35 
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In the temperature range 500°C to 700°C, there does not appear to be a significant change 
in the cathode process with decreasing oxygen partial pressure. The n value ranges from 
0.28 to 0.36, suggesting that the electrode resistance is dominated by the charge transfer 
reaction, however there may be some contribution from the oxygen dissociation step (mass 
transport). In Chapter 5 it is shown that oxygen tracer diffusion in LNO increases with 
increasing temperature, however beyond approximately 400ºC the electronic conductivity 
of LNO decreases [53, 115, 188-190]. It would therefore be expected that with increasing 
temperature, the reaction rate limiting step would be the charge transfer reaction. To 
determine this further investigation of the electrode reaction over a wider pO2 range is 
recommended for future work to expand on the 3 data points in Figure 7.16. 
Mauvy et al. [50] report the behaviour of Nd2NiO4+δ over the oxygen partial pressure range 
0.21 atm to 1 x 10-4 atm, finding the electrode process to be temperature dependent with an 
n value of 0.3 at 500°C, increasing to 0.85 at 800°C. The temperature dependence reported 
by Mauvy et al. appears to be more significant for neodymium nickelate than for LNO. 
However, in the 500°C to 600°C regime the rate limiting step for both electrode materials 
appears to be the charge transfer reaction. In addition, the authors comment that in air, the 
rate limiting step is likely to be associated with the surface exchange reaction and not bulk 
diffusion.  
7.3.3 Symmetrical Cells with Layered Electrode Structures 
The ASR value measured for a LNO/CGO10/LNO symmetrical cell in air at 650°C is 6.26 
Ω.cm2, which is over an order of magnitude greater than the desired value of 0.15    Ω.cm2 
according to Brandon et al. [12]. In an attempt to reduce the ASR values, two different 
layered cathode structures have been investigated; one with an additional current collection 
layer on the electrode surface and the other with a compact LNO electrode layer between 
the dense electrolyte and the porous electrode.  
The electronic conductivity of LNO undergoes a semi-conductor to metallic transition at 
approximately 600 K [53, 115, 188-190] and at this point the electronic conductivity 
begins to decrease. In an effort to ensure adequate charge transfer for LNO electrodes, a 
thin layer of platinum was painted on to the electrode surface. In addition, previous authors 
[38, 193] have observed a decrease in cathode ASR values with the addition of 
functionally graded layers of differing compositions and/or microstructure between the 
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dense electrolyte and porous cathode. The effect of a thin compact layer of LNO between 
the porous LNO and dense CGO10 has been investigated to determine the effect on cell 
ASR. Figure 7.17, shows the cross section of symmetrical cells of LNO/CGO10/LNO with 
(a) a platinum current collection layer on the electrode surface and (b) a compact LNO 
layer between the porous electrode and dense electrolyte. 
  
(a) (b) 
Figure 7.17 : Symmetrical cell of LNO CGO10 (a) with a platinum current collection layer and (b) with a 
thin compact LNO layer between the porous electrode and dense electrolyte, fracture surface image 
The platinum forms a continuous porous layer ensuring that adequate gas diffusion can 
occur to the LNO electrode. The LNO cathode layer has a uniform distribution of particles 
in the range 1-2 µm and consists of a porous network of interconnected particles, allowing 
for gas diffusion through the electrode. The compact layer of LNO has a grain size of 
approximately 200 nm and pore size ranging from 200 to 500 nm; this intermediate layer is 
less porous than the LNO cathode layer. Typical thicknesses of the layers are 12-15 µm for 
the porous cathode layer, 5 µm for the Pt current collector layer and 1-2 µm for the 
compact LNO layer.  
Electrochemical impedance spectroscopy was performed in static air from 450°C to 
800°C. The ASR values for symmetrical cells with layered structures are shown in Figure 
7.18. The addition of a platinum current collection layer at the electrode surface decreases 
the ASR values compared to a symmetrical cell with no platinum layer. Also, the addition 
of a thin compact layer of electrode material between the dense CGO and porous LNO 
layers decreases the ASR values, compared to a standard LNO/CGO/LNO symmetrical 
cell. Below 700ºC the lowest ASR is obtained in the symmetrical cell with a compact lno 
layer. Between 700ºC and 800ºC the lowest ASR is obtained with the 
Pt/LNO/CGO/LNO/Pt symmetrical cell. 
5 µm 
LNO 
Pt 
CGO 
LNO 
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CGO 5 µm 
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Figure 7.18 : Measured ASR for symmetrical cells of LNO electrodes with CGO10 electrolyte in air; 
lowercase letters are used to indicate the thin compact layer, ‘lno’ 
At temperatures below 800ºC the ASR of the Pt/CGO/Pt cell is significantly higher than 
the Pt/LNO/CGO/LNO/Pt cell, confirming that the platinum is acting as a current 
collection layer and not a cathode. At 800ºC the ASR for the symmetrical cell with 
platinum current collection is 0.22 Ω.cm2, which is very similar to 0.27 Ω.cm2 obtained for 
the symmetrical cell of CGO with platinum electrodes (no LNO). At this temperature it is 
therefore not possible to establish whether the platinum current collection layer is included 
in the electrode response of the Pt/LNO/CGO/LNO/Pt cell. The reduced ASR values of 
LNO electrode structures with an additional current collection layer compare well with the 
reported values by Laberty et al. (1.3    Ω.cm2 at 800°C on YSZ) and Perez-Coll et al. (0.4 
Ω.cm2 at 800°C on Co doped Ce1-xSmxO2-δ). 
The addition of the current collection layer prevents the change in slope observed between 
650 ºC and 700ºC and a linear relationship is observed over the entire temperature range. 
This suggests that the change in slope observed in cells without additional current 
collection is a direct result of decreasing electronic conductivity in the LNO and is not 
associated with the formation of any reaction products between LNO and CGO. 
In Figure 7.18 there also appears to be a slight deviation from the Arrhenius relationship 
between ASR and temperature for the symmetrical cell with the compact layer between 
650ºC and 700ºC. This is in the same temperature region as the deviation observed in the 
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LNO/CGO/LNO symmetrical cell, although the change in slope appears to be to a lesser 
degree than for the symmetrical cell without the compact layer. Previously, it was 
suggested that this deviation may be due to formation of a reaction product between LNO 
and CGO, however as mentioned above, its absence in the cell with a platinum current 
collection layer, indicates that this is not the case. Therefore, it is thought that the deviation 
may be due to inadequate current collection as a result of poor electronic conductivity in 
LNO, which is supported by the observation that there is no deviation from the Arrhenius 
relationship when an additional platinum current collection layer is added.  
The addition of the compact layer improves the ASR values by an order of magnitude; at 
800ºC the ASR without the layer is 6.68    Ω.cm2 and with the layer it is 0.50 Ω.cm2. The 
reduction in ASR observed for the cell with a compact layer of LNO between the dense 
electrolyte and porous electrode is of interest as it would be expected that a denser 
electrode layer would inhibit cell performance, acting as a barrier to gas diffusion. As the 
temperature increases, the compact layer improves the cell performance; it is proposed that 
this is due to an increase in the number of contact points at the electrode/electrolyte 
interface, leading to enhanced oxygen ion transfer across this boundary. The values of Rint 
in symmetrical cells with and without the compact layer are given in Figure 7.19. 
1.1 1.2 1.3 1.4 1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
600 550 500 450 400
Temperature (oC)
lo
g 
(R
int
 /o
hm
.c
m
2 )
1000/T (K-1)
 LNO/CGO/LNO
 Pt/LNO/CGO/LNO/Pt
 LNO/lno/CGO/lno/LNO
 
Figure 7.19 : Measured interface resistance (Rint) for symmetrical cells of LNO electrodes with CGO10 
electrolyte in air; straight lines indicate a linear fit to data 
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It is evident that the compact lno layer, reduces the value of Rint, suggesting that the layer 
improves the oxygen ion transfer across the electrode/electrolyte boundary. Lane and 
Kilner [194] determine the rate limiting step for the oxygen surface exchange reaction in 
CGO to be charge transfer due to the short supply of electronic species. The increase in the 
number of contact points between the electrode and electrolyte when a thin compact layer 
is present may be enhancing the oxygen ion surface exchange of CGO increasing the 
number of active sites and therefore reducing the resistance associated with oxygen ion 
transfer across this boundary. 
The value of Rint will also be affected by the formation of any barrier layers which result 
from secondary phases formed by contact between the electrode and electrolyte. In 
Chapter 6, additional phases were observed when LNO was in contact with CGO, it would 
therefore be expected that with an increase in contact between the electrolyte and compact 
layer, the extent of the secondary phase formation would increase. In the temperature 
range studied here it is clear that this does not appear to increase the overall ASR. It is 
possible that if the reaction results in the formation of a higher order Ruddlesden-Popper 
phase with a greater electronic conductivity then the reaction phase may actually improve 
cell performance. 
The enhancement in performance observed with a compact layer can partly be attributed to 
the lowering of Rint, which lowers the overall ASR value, however the values of Rcathode are 
also lowered when the compact layer is present. This suggests that the LNO cathode is 
behaving as a traditional electrode where the oxygen reduction reaction occurs at triple-
phase boundaries, as opposed to behaving as an MIEC. The extent of the deviation from 
the Arrhenius relationship observed between 650°C and 700°C is reduced with the 
addition of the thin compact layer (seen in Figure 7.18). It is possible that this is due to an 
additional enhancement of the electronic conductivity of LNO from the compact layer by 
increasing the surface area for charge transfer to occur. It appears that as the temperature 
increases and the electronic conductivity of LNO decreases the benefit of the improvement 
in charge transfer from the compact layer becomes less dominant. 
It has been shown that the ASR on symmetrical cells with a LNO electrode and CGO 
electrolyte can be significantly enhanced by the introduction of layered cathode structures.  
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7.3.4 Electrochemical Performance using the ALS Model 
The Adler-Lane-Steele (ALS) Model [186] has been applied to the symmetrical cell of 
LNO deposited on CGO to determine whether this model provides a suitable description of 
the electrochemical electrode processes. 
In this chapter equivalent circuit models have been used to describe the electrode 
processes, and Adler et al. [186] comment that this approach is effective when the 
impedance response is dominated by charge-transfer processes only. There are numerous 
processes that occur at the electrode which cannot be described by charge transfer, such as 
solid-state diffusion, surface exchange and gas phase diffusion, which Adler et al. suggest 
the equivalent circuit model approach fails to describe. The ALS model includes these 
physical phenomena and could therefore be considered a more realistic representation of 
the reactions occurring at a MIEC cathode. 
In the ALS model the parameter Rchem is the characteristic resistance describing the 
chemical contributions to the cell impedance. This is represented by, 
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where R is the gas constant (8.3144 J.K-1.mol-1), T is the temperature (K), F is the Faraday 
constant (9.65 x 104 C.mol-1), τ is the tortuosity, ε is porosity, a is surface area (cm2.cm-3), 
Cv is the vacancy concentration (mol.cm-3), Dv is the vacancy diffusion coefficient (cm2.s-
1), r0 is the exchange neutral flux density (A.cm-2) and αf + αb are constants of the order of 
unity that depend on the specific mechanism of the exchange reaction.  
Equation 7.4 is for an oxygen deficient MIEC electrode where the mobile species are 
oxygen vacancies. In LNO, the mobile species are oxygen interstitials, therefore adapting 
Equation 7.4 for this system and simplifying for r0(αf + αb) = k*.cmc [186] the following 
expression is obtained  
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Equation 7.5 
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where Ci is the oxygen interstitial concentration, Di is the oxygen interstitial diffusion 
coefficient, k* is the surface exchange coefficient and Cmc is concentration of oxygen sites 
in the MIEC. Based on the values for Ci, Di, k* and Cmc reported in Chapter 5, calculated 
values of Rchem are plotted alongside measured ASR values in Figure 7.20. The following 
values are typical cathode microstructural parameters as reported by other authors [33, 
186] and are therefore the values adopted here, τ = 0.15, ε = 0.3, a = 20,000 cm2.cm-3. 
At temperatures of 600°C and above there is good agreement between the measured ASR 
values and the calculated Rchem values for a symmetrical cell of LNO on CGO with a 
compact layer of LNO between the electrode and electrolyte. At 550°C and below the 
measured ASRs are greater than the calculated Rchem values for this symmetrical cell 
arrangement; this may be due to low surface exchange values at these temperatures. Over 
the entire temperature range the ASRs obtained for the symmetrical cell with no compact 
layer are approximately an order of magnitude greater than the calculated Rchem values. 
1.0 1.1 1.2 1.3 1.4
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
700 650 600 550 500 450
1.06 eV
0.83 eV
0.51eV
Temperature (oC)
lo
g 
(A
SR
 o
r R
ch
em
 /o
hm
.c
m
2 )
1000/T (K-1)
 Rchem ALS model
 ASR LNO/CGO/LNO
 ASR LNO/lno/CGO/lno/LNO
 
Figure 7.20 : Measured ASR and calculated Rchem for symmetrical cells of LNO electrodes with CGO10 
electrolyte in air 
The activation energy for Rchem is 0.51 eV, which is approximately half that of Ea for the 
ASRs of both measured symmetrical cells. From the ALS model the activation energy for 
Rchem will be the mean of the activation energies for diffusion and surface exchange. From 
Chapter 5, Ea(Di) = 0.54 eV and Ea(k*) = 0.63 eV, therefore the mean value is 0.59 eV, 
which is in good agreement with the activation energy calculated for Rchem. The activation 
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energies obtained for the measured ASR values are higher than that for Rchem suggesting 
that there are rate limiting steps other than mass transport that are affecting the cell 
performance which are not accounted for in the ALS model, such as the electronic 
conductivity. 
7.3.5 Comparison with LSGM Electrolyte 
Symmetrical cells of LNO screen-printed on to LSGM8282 have been investigated by AC 
impedance spectroscopy over the temperature range 300°C to 800°C, in static air. In all the 
impedance spectra recorded above 450°C the LSGM electrolyte arcs are outside of the 
detectable range of the FRA and the electrolyte resistance is evident as an offset on the real 
axis; in this case, the electrode arcs have been normalised to zero on the x-axis. The 
impedance spectrum for a symmetrical cell of LNO screen-printed on to LSGM8282 at 
300°C is shown in Figure 7.21; the ‘jump’ in the measured data visible at a Real Z’ value 
of 1700 Ω.cm2, is an instrument artefact. 
The calculated relaxation frequencies are plotted as a function of temperature for 
symmetrical cells with LNO electrodes and with Pt electrodes and LSGM electrolytes in 
Figure 7.22. The frequency range of each of the component responses is indicated on the 
figure. 
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Figure 7.21 : AC impedance arcs from symmetrical cell of LNO screen-printed on to LSGM8282, recorded 
at 300°C 
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Figure 7.22 : Arrhenius plot of the relaxation frequencies for symmetrical cells with LSGM electrolyte and 
LNO and Pt electrodes 
The relaxation frequencies for symmetrical cells with LNO and Pt electrodes show similar 
temperature dependencies for each symmetrical cell and the frequency ranges for the fitted 
components are in good agreement. Based on consideration of the capacitance values, the 
physical cell model and the relaxation frequencies [26, 96, 110, 140], the high frequency 
response is assigned to the electrolyte bulk, the mid-frequency response to the electrolyte 
grain boundary and the low frequency response to the electrode response. The assignment 
of the cell processes is made using the equivalent circuit given in Figure 7.23. 
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Figure 7.23 : Equivalent circuit used to fit LNO/LSGM8282/LNO cell and Pt/LSGM8282/Pt recorded at 
300°C 
In this equivalent circuit R and Q represent the resistances and the pseudo-capacitance for 
the electrolyte bulk, electrolyte grain boundary and the electrode. In this case, constant 
phase elements were found to give a better fit to the measured electrolyte bulk and grain 
boundary responses than individual capacitor elements, whichmay be due to the ‘jump’ in 
the measured data or alternatively it may be a microstructural effect of the electrolyte.  
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At 500°C and above, the separate components of the electrode arcs of the LNO 
symmetrical cell become clearly visible and the equivalent circuit model in Figure 7.24 
was used. The impedance spectrum for the LNO/LSGM8282/LNO symmetrical cell 
recorded at 500°C and the equivalent circuit model used to fit this data are shown in Figure 
7.24. 
At 500°C and above the LSGM electrolyte impedance arcs are not evident as arcs as the 
time constant is too small, the visible impedance arcs can therefore be assigned to the 
electrode response. Rp1 and Rp2 are assigned to the electrode processes, namely oxygen 
diffusion through the electrode layer and the charge transfer reaction at the cathode 
surface, with capacitance values in the range 10-3 to 10-2 Farads. 
The total polarisation resistance of the electrode, Rp is a summation of these terms, given 
in Equation 7.6,  
21 ppp RRR +=  Equation 7.6 
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Figure 7.24 : AC impedance arcs from symmetrical cell of LNO screen-printed on to LSGM8282, recorded 
at 500°C; Rohmic represents the resistance associated with the electrolyte and Rp1, Q1 and Rp2, Q2 are the 
resistances and pseudo-capacitances associated with the electrode 
The fitted resistances and capacitances for the individual components are given in Table 
7.6. The errors associated with the fitting values in Table 7.6 are within acceptable limits 
and the calculated capacitance values are of the order of magnitude associated with the 
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electrode processes [140], suggesting the equivalent circuit model is a realistic 
representation of the physical processes. 
Table 7.6 : Fitted data for LNO/LSGM8282/LNO cell recorded at 500°C based on the equivalent circuit 
model in Figure 7.24 
Element R (Ω) Q (F) n Calculated Capacitance (F) 
Rohmic 97.82 ±0.02 - - - 
Cathode 1 32.89 ±2.33 7.58 x 10
-3 
±2.05 x 10-4 
0.94 ±1.08 x 
10-2 5.66 x 10
-3 
Cathode 2 168.1 ±2.59 9.10 x 10
-3 
±2.78 x 10-4 
0.81 ±4.38 x 
10-3 1.01 x 10
-2 
 
It is worth commenting on the absence of a resistance assigned to oxygen ion transfer 
across the electrode/electrolyte boundary (Rint), which was observed in the 
LNO/CGO/LNO symmetrical cell. The resistance associated with oxygen ion transport 
across this boundary, Rint, is likely to be dependent on the electrolyte surface exchange 
properties. At ~510°C the value of the surface exchange coefficient, k*, for LSGM8282 is 
3.0 x 10-8 cm.s-1 (Ea for k* = 1.35 eV), and at ~480°C the value of k*, for CGO10 is 8.0 x 
10-9 cm.s-1 (Ea for k* = 3.3 eV) [194, 195]. Clearly the surface exchange coefficient in 
LSGM is an order of magnitude greater than that for CGO and the activation energy is 
significantly lower. It is proposed that the absence of a resistance associated with oxygen 
ion transfer across the electrode/electrolyte boundary (Rint) in the impedance arcs of a 
LNO/LSGM/LNO cell is due to the increased value of the surface exchange coefficient in 
LSGM, compared with CGO. In addition, LSGM has a perovskite structure which may be 
more compatible than the fluorite CGO structure with the perovskite based K2NiF4 
structure of LNO. This may also have an impact on the absence of Rint in the LSGM 
symmetrical cell and enhanced oxygen ion transport at the electrode/electrolyte boundary 
may be due to improved structural compatibility at the interface. 
ASR values have been calculated for LNO/LSGM/LNO symmetrical cells with and 
without a platinum current collection layer and are shown in Figure 7.25. 
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Figure 7.25 : Calculated ASR for symmetrical cells of LNO and Pt with LSGM8282 and CGO10 electrolytes 
in air 
The ASR values for a symmetrical cell of LNO/LSGM/LNO are very similar to those 
obtained with a CGO electrolyte; 7.30    Ω.cm2 at 650°C compared with 6.26     Ω.cm2 at 
650°C with CGO. The behaviour appears to follow the same trends with a change in the 
activation energy between 650°C and 700°C. This confirms that the origin of this deviation 
from linearity is not a reaction between LNO and CGO10, as the same observation is made 
with LSGM8282 electrolyte, which displays no apparent reaction with LNO (discussed in 
Chapter 6).  
As with the CGO electrolyte, the addition of a platinum current collection layer appears to 
prevent the change in slope in the 650°C to 700°C region, further supporting the theory 
that this is associated with a reduction in electronic conductivity in LNO and not a 
reaction. At temperatures above 650°C the ASR values are significantly enhanced by the 
addition of the platinum current collection layer and at 800°C there is decrease in ASR of 
an order of magnitude. The ASR for LSGM with platinum electrodes is significantly 
greater than the symmetrical cell of LNO with a platinum layer, indicating that the cathode 
response is from LNO and platinum is acting as a current collector over the full 
temperature range.  
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7.4 Chapter Summary 
The AC impedance response of LNO electrodes with the electrolytes CGO10 and 
LSGM8282 has been investigated. Enhancement of ASR values has been achieved by the 
addition of a platinum current collecting layer on top of the porous electrode layer. It is 
believed that this is due to enhanced charge transfer by the addition of an electronically 
conducting layer. This suggests that the electronic conductivity of LNO is not sufficient 
for SOFC devices without the addition of an adequate current collection layer. The 
decrease in electronic conductivity is believed to be the origin of the change in activation 
energy in the region 650°C to 700°C, observed with LNO on CGO10 and on LSGM8282. 
The area specific resistance of LNO on CGO has been found to significantly decrease with 
the addition of a thin, compact LNO layer at the electrode/electrolyte boundary. It is 
believed that this reduction in resistance is due to an increase in the number of contact 
points at the boundary and therefore an increase in the number of points for oxygen ion 
transfer to the electrolyte. The addition of this layer also decreases the resistance 
associated with the electrode processes (Rcathode).  
An additional impedance arc is observed in the CGO symmetrical cell, which is absent 
with LSGM. This is assigned to oxygen ion transfer across the electrode/electrolyte 
boundary and is observed to be independent of partial pressure. It is believed that this is 
observed due to the low surface exchange coefficient and high activation energy for 
surface exchange of CGO. The absence of this resistance in the LSGM symmetrical cell 
may also be due to improved structural compatibility between the perovskite LSGM phase 
and perovskite-based K2NiF4 LNO phase, compared with the fluorite CGO phase. 
The ASR of LNO decreases with increasing oxygen partial pressure, as the availability of 
oxygen to take part in the oxygen reduction reaction increases. There appears to be no 
change in the rate limiting step between 500°C and 700°C over the oxygen partial pressure 
range 1 to 4.3 x 10-3 atm. The cathode reaction is limited by charge transfer. It is 
recommended that future work includes investigation of LNO electrodes over a wider pO2 
range to establish the rate limiting steps. The electrode performance of LNO does not 
appear to be hindered by any secondary phase formation with CGO; the ASRs of LNO on 
CGO are the same as those obtained with LSGM, within errors. Further testing of these 
cells is required to determine whether there is any degradation in performance over time. 
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Chapter 8 - Conclusions and Further 
Work 
The aim of this work was to investigate the electrochemical performance and transport 
properties of La2NiO4+δ (LNO) to determine the performance of LNO as an IT-SOFC 
cathode.  
The structure and stability of LNO have been determined by x-ray diffraction and thermal 
analysis. The structure of LNO was found to be very sensitive to oxygen stoichiometry and 
powder processing methods, namely ballmilling. High resolution synchrotron x-ray 
powder diffraction revealed a phase change in LNO over the temperature range 250 to 
450°C, with a transition from bi-phasic orthorhombic at room temperature to tetragonal on 
heating. In pure LNO the phase change is non-reversible, however the degree of 
reversibility may be sensitive to the oxygen partial pressure. Importantly, an oxidation 
reaction catalysed by platinum was observed in LNO. This is significant, as platinum is 
used as a current collector in SOFC testing. For this reason LNO in contact with platinum 
must not exceed temperatures of 800°C to avoid formation of higher order Ruddlesden-
Popper phases (La3Ni2O7-δ and La4Ni3O10-δ). 
Although the oxygen ion transport of LNO has been investigated elsewhere, very little is 
known about the low temperature (< 600°C) properties and in particular, how these 
properties are related to the oxygen stoichiometry. In an effort to fill this gap, the oxygen 
ion transport properties of LNO were investigated using oxygen isotopic exchange and 
SIMS to determine the oxygen tracer diffusion and surface exchange coefficients (D* and 
k*, respectively). In addition, iodometric titrations were performed to determine the 
oxygen stoichiometry during the oxygen isotopic exchange experiment. LNO was found to 
exhibit high D* values in the intermediate temperature regime, indicating that diffusion in 
the bulk material is fast, and is an attractive property for IT-SOFC cathodes. In addition, 
the activation energy for D* was low (0.54 ± 0.03 eV), which it is believed is associated 
with the high oxygen interstitial concentration in the low temperature regime (550°C to 
350°C). The oxygen interstitial diffusion coefficient was calculated and found to compare 
well with the oxygen vacancy diffusion coefficients of alternative IT-SOFC cathodes 
based on oxygen deficient perovskite materials. The values of k* were reasonable and the 
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activation energy was also found to be low (0.63 ± 0.08 eV) compared with that at higher 
temperatures. Enhancement of k* was achieved by sputtering a thin layer of silver on the 
LNO surface; this effect appeared to be more dramatic at 396°C (enhancement of half an 
order of magnitude) than at 372°C (enhancement of ~1.3 times). This suggests that the 
oxygen surface exchange reaction may be a rate limiting step of the oxygen reduction 
reaction in LNO. However, only two temperatures were investigated and further work is 
needed to study this relationship, as well as investigating alternative methods for 
enhancing k* of LNO. 
The compatibility of cathode materials with SOFC electrolytes is crucial; reactions 
between components can lead to the formation of insulating barrier phases at the 
electrode/electrolyte boundary. In addition, composite cathodes are of much interest as 
they appear to display enhanced electrochemical performance compared with traditional 
single phase cathodes. For these reasons, composites of LNO with the IT-SOFC electrolyte 
Ce0.9Gd0.1O2-δ (CGO) were studied. In-situ high resolution synchrotron x-ray diffraction 
studies showed a complex reaction between LNO and CGO10, which was very sensitive to 
oxygen partial pressure and temperature. In an unsealed capillary open to the atmosphere, 
no reaction was observed between LNO and CGO up to 900°C; however, in a fully sealed 
capillary, LNO decomposed to La2O3 and Ni at T > 650°C. This reaction was found to be 
partially reversible and both thermodynamically and kinetically driven. On cooling LNO 
partially reformed and underwent a transition from tetragonal to orthorhombic, indicating 
phase transitions in LNO which are associated with the oxygen stoichiometry.  
In addition, ex-situ XRD of LNO:CGO composites suggests that the phase formation of 
compacted solid samples differs to that of composites in powder form. The role of CGO in 
these composite reactions is particularly significant as it is plausible that CGO is acting as 
a redox catalyst for the decomposition of LNO. However, this theory requires further 
detailed investigation as CGO is an important electrolyte material for IT-SOFCs. In 
addition to observing reactions between the composite materials, an interesting change in 
the CGO lattice parameters was observed. CGO appears to undergo gadolinium dissolution 
on heating, forming two gadolinium deficient phases, one of which is likely to be CeO2. 
This is reversible on cooling and room temperature CGO is single phase. It is believed that 
this was detected due to the very high resolution of the synchrotron instrument. 
In previous work, no reaction was observed between LNO and La0.8Sr0.2Ga0.8Mg0.2O3-δ 
(LSGM8282) by ex-situ ambient temperature XRD, however in-situ diffraction studies are 
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required to confirm this. In-situ synchrotron x-ray diffraction studies are a novel method of 
investigating composite cathode reactivity and SOFC component compatibility. The 
sensitivity to the environmental conditions observed here indicates that a systematic and 
rigorous investigation of LNO composites is required, as a function of oxygen partial 
pressure, temperature and time. 
Having investigated the compatibility of LNO with IT-SOFC electrolytes, the 
electrochemical performance of LNO with CGO10 and LSGM8282 was studied by 
electrochemical impedance spectroscopy. The total polarisation of LNO electrodes was 
found to be composed of two resistance terms; one associated with mass transport and one 
with charge transfer. With the electrolyte CGO10 an additional term was included in the 
total polarisation resistance, which was assigned to oxygen ion transfer across the 
electrode/electrolyte boundary. It is believed that the absence of this term with 
symmetrical cells of LNO deposited on LSGM 8282 may be associated with improved 
structural compatibility with a perovskite electrolyte and with improved surface exchange 
properties of the electrolyte.  
The polarisation resistance of LNO displayed a deviation from linearity between 650°C 
and 700°C; it is believed that this is associated with the decreasing electronic conductivity 
of LNO on heating (metallic behaviour). An additional platinum current collection layer 
improves the electrode performance above ~650°C and it is believed that this is due to 
enhanced electronic conductivity from the platinum. The rate limiting step for LNO 
cathodes on CGO10 was found to be charge transfer, which further supports the 
observation that low electronic conductivity is limiting LNO cathode performance. 
However, further investigation over a wider oxygen partial pressure range is recommended 
to elucidate the electrode processes. 
The area specific resistance (ASR) of LNO cathodes deposited on CGO10 was 
significantly reduced by the addition of a thin compact layer of LNO between the dense 
electrolyte and porous electrode. At 800°C an ASR of 0.50 Ω.cm2 is achieved in a 
symmetrical cell with a thin compact LNO layer between the porous LNO cathode and 
dense CGO10 electrolyte. The addition of this layer decreases the resistance associated 
with oxygen ion transfer across the electrode/electrolyte boundary, which is thought to be 
due to an increased number of contact points at the boundary. In addition, the compact 
layer also decreases the resistance associated with the electrode processes (mass transport 
and charge transfer). This suggests that the LNO cathode is behaving as a traditional 
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electrode where the oxygen reduction reaction occurs at triple-phase boundaries, as 
opposed to behaving as a mixed ionic-electronic conductor. It is proposed that the compact 
layer improves the electronic conductivity of LNO by increasing the surface area for 
charge transfer to occur. Further work could involve studying the enhancement of the 
electronic conductivity of LNO by addition of the electronically conducting SOFC cathode 
La1-xSrxMnO3-δ to form composites; obviously investigation of the reactivity and stability 
of these materials would also be required. It is worth noting that any reaction between 
LNO and CGO10 does not appear to hinder the electrode performance, however it is 
recommended that long term electrochemical testing is undertaken to investigate this 
further.  
LNO is stable in the intermediate SOFC temperature range (500°C to 700°C) and the mass 
transport properties are excellent, with high D* values and low activation energies for 
oxygen tracer diffusion and surface exchange. The reactivity of LNO with IT-SOFC 
electrolyte materials requires detailed investigation, however with control of processing 
temperatures and oxygen partial pressures any reactions may be limited. The 
electrochemical performance of pure LNO measured by AC impedance in symmetrical 
cells with a compact LNO layer results in ASR values in the region of the desired value of 
0.15 Ω.cm2, namely 0.5 Ω.cm2 at 800°C. The rate limiting step at the cathode has been 
determined to be charge transfer and it is believed that the performance of LNO is limited 
due to its poor metallic-like electronic conductivity. However, it has been shown that 
significant improvements to the performance can be made by enhancing the electronic 
conductivity using layered cathode structures and improved current collection. Further 
investigation needs to be given to this as the excellent mass transport properties displayed 
by LNO indicate that it has much potential as an SOFC cathode. 
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